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Tentative Method of Sugar Estimation in Laminae and its 
Application to Hevea brasiliensis 


By 


E. W. BCLLE-JONES 


The Rubber Research Institute of Malaya 
(Received June 3, 1954) 


A rapid and reliable method of sugar estimation in laminae, capable of 
detecting changes in composition which might occur as a result of varied 
mineral nutrient status, was required. It was thought that such changes 
might influence the rubber content of the tissue of Hevea brasiliensis. For a 
time the Somogyi method (1945 a) was used in this laboratory but suffered 
the following disadvantages: (a) non-specificity; thus it could not differen- 
tiate glucose from fructose, (b) the clarified leaf extract had to be perfectly 
colourless before the addition of various reagents and the subsequent colori- 
metric estimation, (c) the possibility that reducing substances other than 
sugars might influence the values obtained. 

The single dimensional chromatographic method described below enabled 
an estimate of each individual sugar present to be obtained; it compared 
favourably with Somogyi’s procedure for the estimation of total reducing 
sugars but gave smaller values for the sucrose, possibly because of (c) above. 

The method has been applied to a study of the variation of sugar contents 
of laminae of Hevea grown under different nutrient regimes. It was necessary 
however before the method was put into routine usage to identify all sugars 
present in the leaf extracts by means of conventional two dimensional paper 


chromatographic techniques. 
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Figure 1. Two dimensional paper 
chromatogram of Hevea lamina ex- 
tract. Solvents: phenol-water (hori- 
zontal R;,scale); butanol-ethanol- 
water (vertical R,,scale). Dipping 
reagent: AgNO3. Spot 1: meso-inosi- 
tol, Spot 2: laevo-inositol, Spot 3: 
sucrose, Spot 4: glucose, Spot 5: 
fructose. 


Method 


Preparation of lamina extracts 


2 g. of fresh laminae, from which the midribs had been excised, were soxhlet- 
extracted with 120 ml. of 80 per cent ethyl alcohol for two hours (Laidlaw and Reid 
1952). The extract was evaporated under reduced pressure at 30—40° C to approxi- 
mately 10 ml. This volume was clarified by the addition of 10 ml. of 0.3 N barium 
hydroxide and 10 ml. of 5 per cent zinc sulphate solution (Somogyi 1945 b), filtered 
and made up to a volume of 50 ml. with water. 

25 ml. of this solution were concentrated under reduced pressure to a volume of 
1 ml. from which aliquots, usually 0.01 ml., were taken for the chromatographic 
estimation of the sugars present. 


Identification of sugars present in laminae of Hevea 


The identity of the sugars present in clarified alcoholic extracts was investigated 
by two dimensional paper chromatographic techniques. Butanol-ethanol-water (Part- 
ridge 1946) and phenol-water (Partridge 1948) were employed as the solvents and 
aniline phthallate in butanol (Partridge 1949) and naphthoresorcinol in an alcoholic 
hydrochloric-phosphorie acid mixture (Bryson and Mitchell 1951) as the dipping 
agents. 

Glucose, fructose and sucrose were always present in the leaf extracts examined. 
In addition, relatively large amounts of inositol, both meso- and laevo-, occurred. 
It was possible to distinguish all these compounds on the same paper (Figure 1) by 
using a silver nitrate dipping agent (Trevelyan, Proctor and Harrison, 1950) 
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-P P 4 
Top Wh 2ndyph >17 


Inosıtol 
Sucrose 
Figure 2. Comparison of standard mixture (20 ug 
each of inositol, glucose, fructose; 40 ug sucrose) G/ucose 
with extracts prepared from top (or first) and 
second whorl laminae of phosphorus deficient Fructose 


plants. Plate obtained by resting chromatogram 
on photographic paper, exposing to light and 
printing from negative. 


Estimation of sugars present 


It was found, using a butanol-ethanol-water solvent, that if a standard mixture 
of inositol, glucose, fructose and sucrose was developed for 24 hours as a one 
dimensional descending paper chromatogram, the inositol spot merged with sucrose and 
the glucose spot with fructose; for a 36 hour run part of the glucose spot merged with 
fructose. A 48 hour period of development did achieve a separation of each sub- 
stance; advantage was taken of this, and of the fact that the four substances present 
could be located by one dipping reagent (silver nitrate), to devise a method for 
sugar and inositol estimation in lamina extracts. 

The method consisted in running one dimensional, descending chromatograms 
of the alcoholic lamina extracts in a butanol-ethanol-water solvent, 4:1: 5, (Part- 
ridge 1946) for 48 hours. The papers were dried at 40° C and then dipped in silver 
nitrate solution (see below). The spots were sufficiently separated to distinguish the 
three sugars and inositol which were present (Figure 2). When the papers were 
air-dried the spots were delineated with pencil, cut out, oven dried and weighed. 
The amount of sugar present in each spot was obtained by reference to a standard 
curve (relating weight of spot to micrograms of sugar) prepared by spotting on 
different known amounts of sugar mixtures, and running under the same conditions 
as the unknowns. 10 to 40 ug. for each sugar and inositol represented the working 
range employed (Figure 3). The calibration curves were not exactly linear or 
reproducible; consequently fresh curves were prepared for each batch of estimations. 

Whatman No. 1 filter paper (18 1/4 ins. 22 Vz ins.) was used throughout the 
course of this work. The starting line was drawn 7 ems. from the edge of the paper 
and the concentrated extracts or sugar standards (usually 0.01 ml), were applied 
with an Agla syringe, 4 cms. apart. The lower edge of each sheet was regularly 
serrated to promote even running of the solvent. A »chromatocab> cabinet (supplied 
by the Research Equipment Corporation, U.S.A.) was used; no temperature control 
was necessary in this well insulated cabinet. Any temperature variations would pre- 
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Figure 3. Standard curves obtained by plotting micrograms sugar spotted, against weight 
of cut out spot (in mg.) using AgNO3 as the dipping agent. 


sumably affect both standards and unknowns similarly; usually the temperature 
varied between 30—32~ C. All solvent troughs, anti-siphoning and anchor rods used, 
were made of glass. 

For the routine estimation of sugar contents of laminae, seven or eight extracts 
were usually applied to one sheet of paper together with one standard or reference 
solution containing known amounts of glucose, fructose, sucrose and inositol. Five 
standard solutions to be used in the preparation of the calibration curves were 
applied to another sheet in the same cabinet; three out of five of these standards 
were run in duplicate. Using this procedure thirty to forty lamina extracts were 
chromatographed at a time. 

After the completion of a 48 hour period of development the papers, dried at 
40° C, were dipped into a solution of silver nitrate in acetone, air dried, and then 
further dipped into alcoholic soda as described by Trevelyan et alii (1950). After 
air drying the dipped sheets the sugarspots appeared rapidly and the pencil marking 
was carried out approximately 1/2—1 hour after dipping. It was noted however that 
the paper could stand for as long as two days without prejudicing the resulls and 
occasionally giving less steep calibration curyes. 


Application of the Method to Hevea Brasiliensis 


Hevea seedlings of clone Tjirandji 1 were grown in sand culture, using 
techniques previously described (Bolle-Jones 1954) under conditions of varied 
mineral status. The treatments were applied by withholding from the plant 
or reducing its supplies of major nutrients (N, S, P, K, Mg. Ca, Fe) and also 
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Table 1. Inositol and sugar contents and some ratio values found in the laminae of Hevea 
brasiliensis grown under different nutrient regimes. Contents expressed as mg./g. dry lamina. 


ee 


en | Inositol Sucrose Glucose Fructose Sucrose/Glucose| Sucrose/Fructos 
reat- | = Te RATER NET Fe — = = z spe er 
ment | Whorl Whorl | Whorl Whorl Whorl Whorl 
ist | 2nd '| 1st’ | and | ast | ana | Ist [nd | ist 2nd Ist | 2nd 
Complete | 3.74 4.07 | 12.02) 12.62 ) 2.61 2.091 2.61) 3102108523 | 7.82 | 4.58 | 4.2! 
SE | 6.211 250 | 15.92) 9.8 | 5 0 | 5.27 | 5.08 | 2. 
ù ı 6.21 | 2| 9.82 3.62) 2.55) 3.14) 3.23) 4.60 5.27 | 5.08 | 3.2: 
ESA | 3.95) 2.25 8.67) 9.14 1.391, 1.251539.93) 2:38). 6.794. 70110028 904 3.9: 
PP BE er 1.64 2.91 11.49) 13.10 2.53} 4.09) 3.83) 4.41; 6.20 5.13 3124 2,94 
— K sl 9.92! 2.21 13.73) 9.15 | 4.81 Sab) 842 1910 2.94 2.66* 4.15 4.88 
oe Mg a 8.53| 2.72 | 14.26) 13.65 | 1.62) 1.59, 3.24) 3.761 8.80% 8.64 4.40 340: 
— Ca Pe 4.19 2.64 | 9.00 8.21% 1 OS E02 TO 2475.17 Ome 5.4 
Re... 2.191, 3.16 3.987 9.77%, 1:33, 2.09 1.34) 2.25 6.70 5.38 | 6.70% 4.30 
Mn bu 2.48| 2.84 | 8.59! 10.39 | 2.31) 1.89 3.12) 3.20) 3.75 5.46 2.81% 3.2: 
3 en u An! 1.41%}, 314.02 Sito: 433,16) 1.59 312 2.44 4.48 6.02 4.69 4.07 
| | 
Standard | | | | | 
Error ‚+ 1.674 0.59 + 1.644 1.24 + 0.76 + 0.91 + 0.50 + 0.47\;+ 1.08 +1.42 | + 0.49 :-+ 0.69 


An asterisk * indicates that the treatment differed significantly from the complete 
nutrient at the 5 %o level. 


of boron and manganese. The seeds were sown in March 1953 and the 
laminae, whose sugar contents are given below, were sampled in the following 
January. At the time of sampling all the deficiency treatments, except boron. 
produced plants which showed a marked reduction in total dry weight yield. 

Leaves from which laminae were laken were fully expanded and usually 
orientated in the horizontal plane; they were taken from well defined whorl 
positions. For the sake of convenience the topmost whorl sampled is de- 
signated as the first whorl and the successive lower one as the second whorl. 
Young, limp, pendent leaves were not analysed. Results for the analysis of 
the first and second whorls are given in Table 1. 

The results showed clearly that sucrose was the predominant sugar present 
in the laminae of Hevea. Glucose and fructose. in roughly equal amounts, 
were present in much smaller quantities, as was inosilol. 

Lack of magnesium increased the inositol content of the top whorl laminae 
whereas lack of boron produced a marked decrease in the second whorl 
Jaminae. 

Nitrogen deficiency caused an accumulation of sucrose in the first whorl 
Jaminae but deficiencies of sulphur, calcium. iron and manganese produced 
the opposite effect. Calcium deficiency also reduced the sucrose content of 
the second whorl laminae. 

Lack of potassium increased the glucose content of the top whorl laminae; 
lack of phosphorus increased the glucose and fructose contents of the second 


whorl laminae. 
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Magnesium deficiency markedly increased the ratio of sucrose to glncoss 
found in the top whorl laminae; lack of potassium decreased this ratio in 
both top and second whorl laminae. | 

Restricted iron supply increased the ratio of sucrose to fructose found in 
the top whorl laminae whereas lack of manganese decreased it. 


Discussion 


The results presented in Table 1 are given to illustrate the applicability of 
the method. Some of the effects described did not achieve significance due 
to the relatively high standard errors obtained; these were ascribed to the 
limited replication (two) available in the experiment and the lack of uni- 
formity between rubber plants sampled from duplicate plots. 

When standard amounts of the sugars or inositol were run in duplicate on three 
different sheets of paper and the standard errors calculated for the weight of the 
spots obtained, it was found that the error for a single determination did not vary 
significantly between the 10, 20 and 30 ug amounts applied. A pooled estimate of 
the standard error for a single determination for this range (10—30 ug) gave the 
following values (in mgms.): — inositol +2.8, sucrose +2.5, glucose +1.7, 
fructose +3.5. 

Recovery values for 20 ug amounts of sugar or inositol added to lamina extracts 
always ranged between 100 and 130 per cent. 


The method has the advantages of simplicity, specificity; a large number 
of samples can be analysed simultaneously. A particular asset of the method 
is that it enabled the sucrose/glucose and sucrose/fructose ratios to be cal- 
culated and their variation with treatment examined. The method can only 
be applied when the identity of the sugars present in the lamina extract has 
been definitely established by two dimensional chromatographic procedures. 
It was found unnecessary to adopt deionisation procedures in studies on 
Hevea lamina extracts. 

The method is considered suitable for other botanists who are interested 
in obtaining a general picture of the effects of various treatments on the con- 
centration and distribution of sugars within the plant, and who do not have 
the time nor the facilities at their disposal for the operation of complicated 
but probably more accurate elution procedures. 


Summary 


fhe preparation of sugar-containing extracts from the laminae of Hevea 
brasiliensis is described and a one dimensional descending chromatographic 
method of estimating the individual sugars is given. The chromatograms are 
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developed for 48 hours, dipped in silver nitrate, and the spots cut out and 
weighed; the amount of sugar or inositol present in each spot is obtained 
by reference to a calibration curve prepared from standard amounts of 
sugars developed under similar conditions. The method is simple and specific 
and has been applied to the preliminary investigation of the effect of varied 
mineral nutrient status on the sugar content of the laminae of Hevea; these 
results are described briefly. 


The author is indebted to Mr. S. W. Wong for his assistance throughout the 
course of this work. 
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Introduction 


In the previous paper of this series the writers (Asana and Mani, 1950) 
furnished evidence for the existence of varietal differences in photosynthesis 
in the leaf. ear and stem of wheat during the post-ear emergence period. It 
is proposed to consider critically in this paper all the observations made so 
far on the subject with a view to determining the effect of season. the causes 
of varietal differences in photosynthesis in different organs and the relation 
of photosynthesis during the post-ear emergence period to grain yield. The 
experimental details and the methods of calculation were described in the 
earlier publication. It may be recapitulated that apart from the control. the 
experimental treatments. which commenced 5 days after anthesis, consisted 
of defoliation, shading of the ear. and a combination of these two. Only 
mother shools were utilized in this study and tillers were removed at the 
time of commencement of treatments and whenever they appeared later. 
Both initial and final (harvest) plant samples were callected and the changes 
in the dry matter of the leaf, stem with sheaths, grain and husk (rachis, awns 
and glumes) were determined. From the mean effects of defoliation and 
shading of ear on the changes in the dry matter, an estimate was made of the 
contribution by photosynthesis in the leaf and ear respectively to the increase 
in the dry weight of the plant (referred to henceforth as net assimilation 
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Table 1. Seasonal variation in photosynthesis in leaf ear and stem. 


m 
| Contribution in gm. 
N.A. in 


| 
| 

| Season to N.A. by | 
a a pies, re) he 

| Leaf (L) | Ear (E) | Stem (S) | 


| 
| 
| 


Significant Differences 


Variety N.P. 710 


1947 0.306 0.786 0.183 | 1.275 | N.A: .... 1951 1950 1948 1947 
1948 | 0.469 | 0.726 0.386 | 1.581 | L....... 1950 1951 1948 1947 
1950 1.073 0.648 0.000 | 1.721 |... 1951 1947 1948 1950 
1951 0.825 0.842 0.430 | 2.097 I's ie Ah hs 1951 1948 1947 1950 

0.785 0.741 0.219 | | a 

| Variety N.P. 165 

| 1947 «| 0459 * 0.297 0.311 1.067 VINA, ..-6 91948 1950 1947 

| 1948 | 0.573 | 0.370 0.669 1.612008) re... 19501948 21947 
1950 | 0.837 | 0.195 0.160 ONE ae. 61948) 947. 11950 

| 0.694 | 0.257 0.307 eee 1948 1947 1950 
Variety Punjab 9D | 
1947 | 0.282 | 0.412 | 0.279 | 0.943 | NA. .... 1948 1951 1947 
1948 | 0.431 | 0.511 | 0.785 | DAT owe Fe SER 1017 | 
| 1951 | 0.611 | 0.653 0R46 91710 IE ....... 1951 1948 1947 
| o.484 | 0557 | 0.481 LR RE 1948 1951 1947 
| VarieiyoN.P. 52 | 
1948 | 0.599 0.609 | 0.840 | 2.048 |NA. .... 1948 1950 
195.1 1.247 | 0615 ! 0.053 1800 17. ....% 1986 “1048 
1.061 | 0.613 | 0.202 Le 105001048 
| RER 1948 1950 


or N.A.), while the effect of combined treatments gave an estimate of the 
contribution by photosynthesis in the stem. 

Analysis of variance was applied in the statistical examination of the data 
and differences at 5 per cent level of probability only were considered 
significant. 


Experimental results 


The data on the contributions from different organs to net assimilation 
(N.A.) are given in Table 1. 

It may be concluded from the data in Table 1 that the contribution from 
photosynthesis in the ear and the leaf to net assimilation was, on the whole, 
larger than that of the stem and that the contribution from the ear showed 
much less variation with season than that from the leaf and the stem. 


10 R. D. ASANA AND V. S. MANI 


Table 2. Varietal differences in photosynthesis in leaf ear and stem. 


Contribution to N.A. N.A.| € 
- i b i z ignificant Differences 
Variety in gm by es ® Significan 
Leaf (L) | Ear (E) | Stem (S) | 8m- | 2 
N.P. 165 ....| 0.694 0.253 0.253 |1.200 NA. 222... N.P.710 > N.P. 165 
N.P. 710 ....| 0.768 0.696 0.125 |158005 DEI DE > ae 
0.731 0.475 | 0.189 | | 
Punjab 9D..| 0.484 0.557 0.482 | 1.523 [INA ee N.P. 710 > Pb.9D 
N.P. 710 ....| 0.606 0.799 0.357 11,162 30 E mas » 2 + M 
ER eee » 
0.545 0.678 0.419 FAR Ag ; ET 
N.P.52.....| 1.062 0.613 0.202 |1.877 
| N.P. 710 ....| 0.900 0.671 0.109 |1.680 2 | None 
0.981 0.642 0.155 
N.P.165 ....| 0.516 0.324 0.368 |1.209 M'EST Te N.P. 710 > Others 
Punjab 9D..| 0.356 0.461 0.517 |1.335 oe Pb.9D > N.P. 710 
N.P. 710 ....| 0.387 0.756 0.284 |1.128 | 
Agra Local..| 0.504 0.514 0.409 |1.427| 2 
0.446 0.520 | 0.399 | 


Comparison of the varieties in respect of contributions from the different 
organs to net assimilation is made in table 2. It will be seen that varietal dif- 
ferences in photosynthesis in leaf, ear and stem do exist. The causes of these 
varietal differences may now be examined. 

The variation in ear contribution may be due to variation in spikelet 
number, presence of awns, time of anthesis and thus the period during which 
the ear remains green and functioning, and variation in photosynthetic rate 
if any. 

The mean spikelet number of the four varieties varied as follows: 


N.P. 710 Agra Local Punjab 9D N.P. 165 
19.0 18.4 16.5 16.3 


It may also be noted that the ear of N.P. 165 is awnless, whereas that of 
the other three varieties is awned. The higher ear-contribution of N.P. 710, 
as compared to that of N.P. 165 and Punjab 9 D can thus be accounted for. 
The smaller ear-contribution in Agra Local as compared to that of N.P. 710 
and the equal ear-contribution of N.P. 165 and Punjab 9 D cannot, however, 
be explained on the basis of variation in spikelet number or presence of awns. 
The ear of N.P. 165 dehisces about ten days earlier than that of N.P. 710 
and about a fortnight earlier than that of Agra Local and Punjab 9 D. It is 
quite likely that with the usual tendency for atmospheric drought to increase 
from March onwards, under Delhi conditions, the photosynthetic activity 
of the ear might decline and thus the ears that dehisce later might be at some 
disadvantage. Although late dehiscence might perhaps account for the 
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Table 3. 


Mean number of green leaves per shoot (control). 


| a 


Variety | 8/3 | 14/3 | 19/3 | 25/3 | 29/3 | 3/4 | 
Me 165 CE PEN 3.8 | 3.4 | 2.9 2.3 | 1.3 | 0.7 | 
Ne PÉTER Osis 4.0 | 3.5 3.0 2.1 | 1.3 0.7 | 
NE 03 DR A mA | 4.0 3.2 | 2.5 172 12098 G4 
Rate of yellowing of stem (control). 
Mean length i i 
ee vie Length in cm. of yellow portion on 

cm. | 15/3 | 19/3 | 25/3 | 29/3 | 5/4 | 10/4 

N.E#165 0... 86.3 1.4 | 3.5 | 18.3 | 32 4 46.3 57.5 

N.P. _52 ER | 85.2 157 6.6 35.5 47.5 64.1 | 76.1 
N.P. 710 ...... 79.9 34 | 79 290 | 435 637 | 691 | 


similarity of ear-contribution of the awned varieties, Agra Local and Pun- 
jab 9 D, with that of the awnless variety N.P. 165, it cannot explain the 
lower contribution of the ear of Agra Local as compared to that of N.P. 710. 
Similarly the similar ear-contribution of Agra Local and Punjab 9 D in spite 
of variation in spikelet number is difficult to account for. Vervelde (1953) 
has suggested that the influence of the awns may depend upon their length 
and thus may account for the variation in their contribution to yield of 
different cereals. The length of the awns did not, however, materially differ 
in the three awned varieties. 

In the 1951—52 season, observations were recorded on the functionally 
active period of the ears of N.P. 710 and Punjab 9 D and the mean number 
of days taken for complete yellowing of the ear was 39 days in N.P. 710 and 
42 days in Punjab 9 D. 

From the above considerations it would, therefore, appear that there might 
exist a varietal difference in the photosynthetic rate of the ear. 

The varietal difference in leaf-contribution may be due to differences in 
the size and number of leaves and in their functionally active period (as 
judged by the rate of yellowing). The data obtained during 1950—51 are 
presented in Table 3. During this season the contribution from the leaf of 
N.P. 165 to net assimilation as well as grain yield! was significantly lower 
than that of N.P. 710 and N.P. 52 respectively, the latter two not differing 
significantly from each other; the contribution from the stem was, however. 
more or less identical in the three varieties. The rate of yellowing of leaves, 
was on the whole quicker in N.P. 710 than in N.P. 165 and N.P. 52; the 


1 The calculation of contributions from different organs to grain yield was made 


according to method referred to in the next chapter. 
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Table 4. 


Mean number of green leaves per shoot (control). 


| Variety | 27/2 | 353 | 12/3 | 21/8 | 253 | 31/3 
Variety eee 
| | | | | | | 

IT yt 5 oe ee | 4a: | -3.99 sa ees 0.6 

| PR) BRITEN Petree ee en | 0.2 

| Punjab 9 D | 4908) soul Din ee QT 


Variation in length and width of flag leaf. 


i nn Uae EEE EES 


| Mean length in cm. Mean width in cm. 

TR a I Eee se nn a ne an 
| So, | | 

| N.P. 710 | Punjab 9 D | Kendee | N.P. 710 Kendee | Punjab 9 D 

| 16.9 14.4 | 1321 | 1.50 1.19 1.14 


yellowing of stem was, on the other hand, quicker in N.P. 52 and N.P. 710. 
Even in the field this striking difference has been consistently noticed. It is 
clear that these differences do not explain the varietal differences in leaf- 
and stem-contribution. 

The data obtained during 1951—52 are presented in Table 4. 

The mean leaf contribution to ‘net assimilation’ varied in the order 
Kendee=N.P. 710 > Punjab 9 D. Assuming that the mean total leaf area of 
the three varieties varied in the same order as for the flag leaf it appears 
that the functionally effective leaf area in N.P. 710 was substantially larger 
than that of Kendee as well as Punjab 9 D upto 21st March; subsequently, 
however, the effective leaf area of Kendee was more than that of the other 
two varieties. The higher leaf-contribution in N.P. 710, as compared to that 
of Punjab 9 D can accordingly be satisfactorily accounted for. In view of the 
comparatively longer period during which the effective leaf area of N.P. 710 
exceeded that of Kendee, the equality of their leaf contributions is rather 
surprising. Either more critical observations are required or it may be that 
there is some difference in the photosynthetic activity of the leaves of the 
two varielies. Watson (1952) also reports a substantial difference in the ‘nel 
assimilation rate’ of sugarbeet strains. On the other hand, Heath and Gregory 
(1938) are of opinion that during the vegetative phase the mean net assimila- 
tion rate is constant for all species and environments; Chapman and Loomis 
(1953) also did not find any difference between potato varieties in respect 
of rate of GO, absorption per unit leaf area. The mean leaf contribution to 
grain yield, however, varied in the order N.P. 710 > Kendee > Punjab 9 D. 
which tallies very well with the order of effective leaf area. 

The rate at which the stem yellowed was estimated by the number of days 
taken for complete yellowing of the stem. The variation was in the order 
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Table 5. Relation between net assimilation and grain yield. 


Difference 
between 


3 and 4 


Net Assimilation 
in gm. 
3 


Grain yield 
in gm. 


Mean grain 
No. per ear 


Variety Season 


ae 1.61 34.9 
1.19 42.2 

1.58 41.0 

a 1.72 55.0 

2.09 51.3 

a eee { nn 
1.81 61.7 

Punjab 9 D { Le ni 
171 41.8 


Kendee > N.P. 710=Punjab 9 D. The stem-contribution to ‘net assimilation’ 
also varied in the same order and here the apparent correlation with func- 
tionally active period seemed satisfactory. The stem contribution to grain 
yield was, however, the highest in N.P. 710, it being significantly superior 
to that of Punjab 9 D only. It will be seen that this order did not correlate 
satisfactorily with differences in the rate of stem-yellowing. 

In table 5 the data relate to controls only and the data of 1947 have not 
been included because the initial grain weight was not determined during 
that season. The grain yield in table 5 represents the difference between final 
grain weight and the initial grain weight i.e. the actual grain weight that 
accumulated after the commencement of the treatments (five days after 
anthesis). It may be noted that the initial grain weight constituted about 
3 per cent of the final weight. 

It can be seen from table 5 that in some cases the grain yield exceeded 
nel assimilation, whereas in others the reverse was the case. There does not 
appear to be any direct relation between nel assimilation and grain yield, 
whereas between grain number and grain yield there seems to be a good 
correspondence. This disparity between grain yield and net assimilation 
requires consideration. Grain weight would exceed nel assimilation if there 
were a decrease in stem weight. Does the decrease in stem weight involve 
contribution of material to the grains? From extensive experimental evidence 
Archbold (1945) questions the role of stored sugar in the stem as reserve 
for the ear of barley and. in fact, regards its decrease as largely due to 
senescence. She did not also find any appreciable breakdown of polysaccha- 
rides. It is not possible directly to test this view from the present data. In 
Figure 1 is plotted loss in stem weight against grain weight. Under control 
and ear-shading grain yield increases with increase in stem loss at a greater 
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Figure 1. The relation between grain yield and loss in stem weight. 
N.P7210 
N.P. 165 
Punjab 9D 
N:P 52 


Figure 2. The relation between grain yield, number of grains and net assimilation rate. 


rate than under the other two treatments. Under the two defoliation treat- 
ments, respiration might have increased due to wounding thus involving 
increased loss of sugar and as such the relation between decrease in weight 
of stem an grain yield might be obscured. It is, however, realised that the 
relationship between decrease in stem weight and yield cannot be regarded 
as direct evidence in favour of supply of reserve material from the stem to 
the ear. 

Another argument advanced by Archbold against the migration theory is 
that under treatments such as defoliation, ear-shading ete. the loss of stem 
sugar might be expected to be larger, since such treatments are expected lo 
pul part of the photosynthetic system out of action and should consequently 
involve enhanced migration of reserve material from the stem. She did nol 
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find any evidence of increased loss of sugar or polysaccharides from the 
stem under such treatments. From the data in table 7 it appears that defolia- 
tion, in six cases out of nine, involved increase in loss of stem weight and 
ear-shading in three out of nine. Increase in loss of weight of stem due to 
defoliation, may perhaps be attributed to increased respiration due to 
wounding, but no such simple explanation of the effect of ear shading can 
be effored. In conclusion, the writers feel inclined to revise the view, accepted 
in the earlier paper, about transfer of reserve material from the stem to the 
ear and to regard the question as open considering the insufficieney of 
experimental evidence. As such the calculation of contribution of reserves 
from stem to grain weight, made in the earlier paper, cannot be justified. 
Again the calculation of treatment effects on husk-weight, made in the earlier 
paper, is open to objection in view of the fact, revealed from the data of 
several seasons, that the husk weight increased under control and defoliation 
only (control > defoliation), whereas under the other two treatments, it 
remained more or less constant or decreased sometimes. 

The method of estimating the contribution from photosynthesis in dif- 
ferent organs to net assimilation (increase in plant weight) alone seems 
to be justified. That this estimate is also not completely above reproach is 
indicated by the distinctive effect of defoliation on loss in stem-weight. Due 
to the greater effect of defoliation on loss in stem-weight the value of net 
assimilation under this treatment (as well as defoliation plus ear shading) 
is underrated and since the contribution from different organs is estimaled 
from the reduction in total assimilation, the effect of defoliation as well as 
defoliation plus ear shading would be exaggerated. In a comparative study 
of varieties, however, this defect in the stimate of leaf-contribution may not 
perhaps be regarded as serious. 

It must be admitted that the experimental technique adopted here is not 
efficient enough for a correct estimate of the photosynthetic contribution 
from different organs to grain yield. The drawbacks of this technique 
have also been pointed out by Porter and her associates (Porter et al 1950). 
Direct estimates are, however, almost impossible of practical achievement 
with a large number of varieties involving a continuous record of pholo- 
synthetic activity. The chief obstacle to equating net assimilation to grain 
yield has been the decrease in weight of stem. In six cases, where no such 
decrease was noticed, the grain yield was plotted against net assimilation as 
well as grain number and the relation was found to be equally satisfactory 
in both the cases (Figure 2). In view of this relationship and of the fact that 
the maximum disparity between grain yield and net assimilation was of the 
order of 25 per cent it is perhaps reasonable to suggest that grains are filled 
up almost entirely by the current assimilation. Boonstra (1936) showed that 
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Table 6. 


Contribution to grain by 


Variety 


m 


- > Actual rae 
MIE Percentage ... 
N.P. 165 Actual 2.2 


Percentage ... 


tale: 
Punjab 9 D pars LE 
eee es 


4 = 
NE 52 Percentage ... 


in wheat the grain was filled by carbohydrates synthesized during the period 
of its development and not by those of the nature of reserves and that only 
those organs, which were capable of photosynthesis during about a 5-weeK 
period of grain development, contributed directly to the grain. Porter, Pal 
and Martin (1950) also arrived at a similar conclusion in the case of develop- 
ment of the barley grain. Assuming that all the increase in grain weight was 
due to current assimilation and almost independent of supply of reserve 
material from the stem the mean contribution from different organs to grain 
vield is indicated in table 6. 

It will be seen that in the three varieties with bearded ears viz. N.P. 710. 
N.P. 52 and Punjab 9 D. contribution from the ear is substantially larger 
than that in N.P. 165 and among the three bearded varieties the contribution 
of the ear of Punjab 9 D is the smallest. It may be noted that the extent of 
contribution by ear to grain weight is more or less the same as that found 
by Porter, Pal and Martin (1950) and Watson and Norman (1939) for the 
ear of barley, and by Boonstra (1936) for the ear of wheat. These estimates 
are more or less in agreement with those derived earlier in the case of nel 
assimilation. Similarly the contributions from leaf to grain weight also vary 
with the varieties in more or less Ihe same order as indicated earlier in the 
case of net assimilation. The extent of contribution by the stem io grain 
weight. is however, much greater than that towards net assimilation. 


Table 7. Comparison of losses in stem-weight under control (C). defoliation (D), ear- 
shading (S) and defoliation plus ear-shading (D+S). 


Seasons Nive oro 

1948...... ee So DCS 
1990... .. DS D S 6 
1991.00 Deas 1. 28.6 
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Discussion 


Since the grain appears to be filled almost entirely by the material photo- 
synthesized after anthesis, a detailed study of the organs carrying on photo- 
synthesis during the post-ear emergence period could be expected to point 
to suitable indices of yield. Boonstra (1929) found that four varieties of oats 
differed considerably in the length of life of corresponding leaves and that 
high yield was associated with long life of the leaves. Boonstra (1937) also 
accounted for the high yield of strain A and the high-sugar content of strain 
Z of sugarbeet variety Kuhn on the basis of leaf area and longevity. Watson 
(1952) has shown the usefulness of determining leaf area index in relation 
to yield. Our observations point to the existence of varietal differences in 
the contributions made by different organs to grain yield. Although observa- 
tions on the rate of yellowing of the three organs, their size, presence of awns, 
etc. did not completely account for these varietal differences, it may be 
suggested that further refinement in these observations would perhaps 
improve the correlation. 

Boonstra (1929) showed that in wheat only the top internode and peduncle, 
with their attached leaves, were effective in supplying material to the ear. 
Archbold (1942) found that while removal of leaves only reduced the dry 
weight of the ear by 10 per cent or less, additional removal of the flag-leaf 
sheath reduced the ear dry weight by 28 per cent. These observations may 
have a practical significance. Under field conditions the ear, the peduncle 
and the flag-leaf would be exposed to the maximum light-intensity and their 
full potentiality for photosynthetic activity would thus find expression. It 
would, therefore, be worthwhile to compare the physiological behaviour of 
the flag-leaf with its sheath and the peduncle of different varieties. 

Tillers were omitted in this study for the sake of simplifying the experi- 
mental technique. It is however, essential to carry out these observations on 
whole clumps over a number of seasons and under varying conditions of 
nutrient and water supply. If the contribution from even one of the three 
organs were influenced more strongly by environment than by heredity, 
attempts to improve yield by breeding for these attributes may not meet with 


much success. 


Summary 


From experiments involving defoliation, shading of ear and defoliation 
plus ear-shading of mother-shoots, 5 days after anthesis, over a number of 
seasons, more confirmatory evidence was obtained for the existance of 
varietal differences in the contribution from photosynthesis in the leaf, ear 
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and stem of wheat to increase in plant weight (net assimilation) during the 
post-ear emergence period. 

The seasonal variation in the contribution from the ear to net assimila- 
tion was much smaller than that from the foliage and stem. The varietal 
difference in the ear:contribution with a few exceptions, appeared to be 
related to the presence of awns and difference in spikelet number. The 
varietal differences in the contribution from the leaves and stem to nel 
assimilation could be accounted for to some extent on the basis of their 
functional area, as judged by persistence of green colour. 

The grain yield was not always found to be identical with net assimilation, 
the apparent reason being the decrease in stem weight after ear emergence. 
The less in weight of stem was much larger due to defoliation and only 
occasionally larger under ear-shading as compared to control. The increase 
in loss of stem-weight, under control and ear-shading, is not regarded as an 
indication that reserve material from the stem contributed substantially to 
grain because the loss in stem-weight dıd not consistently increase due to 
ear-shading, as may be expected when carbohydrate is in short supply. 
Assuming on this evidence that the reserve material from the stem contri- 
buted but little to the grain and considering the identity of grain weight with 
net assimilation in a few cases, where stem weight did not decrease after 
anthesis, it is suggested that the grain is filled almost entirely by the material 
photosynthesized after anthesis. As such, the effects of treatments on grain 
yield were estimated and more or less the same order of varietal differences 
in the contributions from different organs was obtained as in the case of 
net assimilation. It is, therefore, suggested that varietal differences in yield 
may perhaps be accounted for by such attributes as leaf and stem size, 
spikelet number and awns of ear and their functiona! period and that a 
detailed study along these lines on whole clumps and under varying environ- 
mental conditions may point to suitable indices of yield. 


The authors have pleasure in recording their thanks to Dr. B P. Pal, Director of 
this Institute, for his continued encouragement and interest in the prosecution of 
these studies. 
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Hydroxylated phenylpropanes are believed to be the principal structural 
components of lignins (Freudenberg, 1939) but investigations have only 
recently begun to establish a concrete picture of the chemical processes in 
lignification. 

Freudenberg et al. (1952, 1953) prepared cell-free extracts from mushroom 
and green plant tissues and with these converted coniferyl alcohol and 
hydroxycinnamyl alcohols into dehydrogenation polymers of a lignin-like 
character. Evidence was presented for the participation of peroxidase in the 
reaction. Freudenberg and Bittner (1953) demonstrated subsequently that the 
radioactivity of C'4-labeled coniferin sealed under the bark of a spruce could 
be recovered almost entirely in the lignin fraction of the wood. 

Freudenberg’s slow polymerization of phenylpropanes, several days to 
weeks in duration, was hastened to a reaction requiring only a few minutes 
to several hours by Siegel (1953, 1954) who used tissue slices instead of 
isolated oxidizing enzyme preparations. Tissues derived from several vascular 
plants transformed eugenol and other hydroxyphenyl propanes into lignins 
localized in the cell wall by means of H,0,-dependent reactions. The parallel 
tissue distribution patterns of peroxidase, endogenous lignin, and lignin- 
forming Capacily, as well as peroxide-dependency showed that the conver- 
sion of eugenol and related substances to lignin-like polymers was mediated 
by a peroxidalive step. Further, the potato tuber transformed eugenol to 
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lignin only in the presence of peroxide, its high phenolase content notwith- 
standing. 

The capacity of peroxidase to convert suitable substrates into lignin marks 
this enzyme as a significant one in the differentiation of the vascular plant. 
Van Fleet (1947) concluded from histochemical studies that peroxidase 
appeared to be correlated with differentiation, however, he could not, at that 
time, specify the manner in which the two were related. 

Initial observations on formation of lignin from eugenol were based on 
color tests, isolation with 72 per cent sulfuric acid, and general solubility of 
the product, but these data were augmented subsequently by more detailed 
examination of the product including elementary and group analysis. The 
findings altogether suggest that the peroxidation of eugenol in vivo yields 
a product similar in its characteristics to coniferous lignins. 

Some consideration was also given to the genesis of peroxide in the plant; 
propionaldehyde was found to increase the oxidation of pyrogallol by bean 
tissue (Siegel, 1954). Siegel and Galston (1954) demonstrated that flavo- 
protein substrates, MnCl,, 2,4-dichlorophenol and light enhance peroxide 
formation by pea tissue and extended the work of Andreae and Andreae 
(1953) showing indoleacetic acid to be a peroxide-generating substance. 

The present work explores further some biochemical aspects of the ligni- 
fication process extending those lines of investigation previously begun. 


Chemical Properties of Eugenol Lignin Formed in Pea Roots 


Terminal 5 mm portions of 3—4 day old Alaska pea roots- were excised and 
1—2 gm. samples (fresh wt.) incubated for 10—15 hrs. in 25 ml. of .05 M KH,PO, 
containing 0.3—0.4 mmol. of eugenol and 0.5—1.0 mmol. of H,O,. The tissues were 
then extracted once with 25 ml. boiling water, three times with boiling ethanol and 
once with boiling chloroform, a procedure adopted routinely in previous work 
(Siegel, 1953). Extractants were removed and tissues placed in 72 per cent sulfuric 
acid for 15 hrs. at 2° C. After digestion, the mixture was diluted to 3 per cent acid 
and autoclaved (15 pounds pressure, 120° C.) for 3 hrs. The carbohydrate-free 
residue was then washed free of acid by centrifugation and dried. 


Isolated eugenol lignin contained a dioxane-soluble fraction which con- 
stituted 40—60 per cent of the total dry weight. For comparison, the lignins 
of oak, spruce and pine were soluble in dioxane to the extent of 20—30 
per cent of their weight. Lignin formed in isolated cell walls (preparation to 
be described below) and lignin isolated from excised vascular bundles of 
a fern (Woodwardia sp.) were soluble in dioxane to the extent of 20 and 10 
per cent respectively. Although none of these lignins could be dissolved 
directly in ethanol to more than a slight degree, their dioxane fractions could 
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be dried and redissolved easily in the alcohol. Such an increase in the ethanol 
solubility after dioxane treatment suggests that the latter solvent modified 
the lignins chemically, possibly as a consequence of traces of impurilies 


(Brauns, 1950). 


The dioxane-soluble fraction of eugenol lignin was concentrated to dryness and 
the solids redissolved in 95 per cent ethanol. Five volumes of water were then added 
to the deep yellow alcoholic solution, precipitating the lignin which was then 
recovered as a light brown product by centrifugation at 10,000 X g. Solution and 
precipitation from ethanol were then repeated twice. Both the phloroglucinol-HCI 
and chlorine-sulfite color tests were given by this partially purified lignin. 

Pea root tissue was incubated with 0.375 mmol. of eugenol with or without 
0.5 mmol. of H,O, in 25 ml. of buffer for 10 hrs. at 24° C. To determine the active 
cellular fraction, comparable groups were prepared containing: (a) 1 gm. fresh wt. 
of 2 mm. tissue slices, (b) the washed cell wall material from 1 gm. of tissue, and 
(c) the wall-free brei from 1 gm. of tissue. Cell wall material was prepared by 
grinding frozen tissue in a mortar chilled to — 20° C.. suspending in 10 ml. of 
05 M KH,PO,, centrifuging at 3,000 X g. The entire process was repeated twice 
more before wall fragments were used. After incubation, groups a and b were 
processed as usual for lignin; group € was centrifuged at 10,000 X g to sediment 
any lignin which might have been formed. 


All groups yielded substances positive by the phloroglucinol-HCl and 
chlorine-sulfite color tests, but the wall-free brei yielded only traces embedded 
in less than 1 mg. of protein. For other groups the rates of lignin deposition 
were: sections, 3.46 mg./100 mg. dry matter/hr.; cell wall, 2.68 mg./100 mg. 
dry matter/hr. 


Fable 1. Properties of Some Liynins and the Lignin-forming System in Peas. 
eee 


Natural Lignins | Eugenol-lignin fi | 
Property > Eugenol 5 hits by | 
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Composition %, | 
Cnrantenstarads ei OO OU | BOER, 0101 LE dur 63 58 | 
Era eirten 5 OL En FF ORS 7 7 6 / 
ME er 20—22 J5- -16 : 14—16 19 15 
| Solubility 
MATE PR re . + —- — 
ORG | Ge ee con | ie 1 
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Dioxane 1 ! 
CV Spectrum 3 | 
vie m! 275 281 278 282 280 280 | 
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The chemical properties of eugenol, synthetic lignins, and natural lignins 
are compared in table 1. Eugenol may be distinguished from both natural 
and synthetic lignins. In common with the lignins, eugenol has an absorp- 
tion maximum between 275 and 285 mu, but the preceding minimum is quite 
distinctive. The ratio, density at 280 mu/density at preceeding minimum is 
1.07—1.2 for all of the lignins studied but 4.5 for eugenol. Absorption spectra 
were determined with the Beckman model DU spectrophotometer on 95 
per cent ethanol solutions: dioxane extracts redissolved in the alcohol were 
used. 

Isolated, washed cell wall material retained 3 
oxidase activity of the whole tissue. Cell wall lignin is richer in oxygen and 
its methoxyl content is at the lower limit for known lignins, possibly as a 
consequence of different concentrations of reactants, more rapid diffusion, 
and differences in homogeneity of the whole system. 

The similar spectral characteristics of natural and synthetic lignins 
(table 1) have been detailed for spruce and eugenol Klason (72 percent 
H.SO,) lignins (figure 1). The values found for eugenol lignin follow closely 
the curve for the natural substance but show the two materials to differ in 
some degree. Synthetic lignin was formed from a pure substance with al 
most negligible contribution of endogenous phenols whereas the nalural 
lignification process may involve polymerization of several phenylpropanes, 
and in consequence of secondary, non-enzymalic oxidations, other phenols 


6 percent of the total per- 


as well. 
A sample of eugenol lignin was degraded by oxidation with alkaline nitro- 
benzene. Following essentially the procedure of Freudenberg et al. (1940) 


24 : S. M. SIEGEL 


vanillin was formed and detected with m-aminobenzenesulfonic acid. The 
yield of vanillin was not determined, but natural lignins yield as much as 
25 percent of the aldehyde (Brauns, 1952). 


Kinetics and Stoichiometry of Lignin Formation 


Visually observable changes which occur during lignin formation suggest 
the sequence of events in oxidation of eugenol. These observations were made 
on a variety of reaction mixtures containing 0.25—0.5 mmol. of eugenol and 
pea root sections in 25 ml. of .05 M KH,PO,. Within 30 seconds after adding 
0.25 —1.0 mmol. of H,O, to reaction mixtures, the ambient medium becomes 
turbid and develops a deep yellow color which increases in intensity for 
5—30 minutes. After full development of color in the medium, the tissue 
previously white or slightly yellow, takes up the ambient yellow pigment 
leaving the solution almost devoid of color. The intensely yellow tissues now 
develop a progressively deeper brown coloration over a variable period. The 
usual color reactions for lignin are first given by an acid and alcohol 
insoluble product concurrently with browning of the yellow pigment. The 
yellow substance is readily reduced to a colorless form with ascorbic acid 
or cysteine, thus may be a reversibly oxidized intermediate between eugenol 
and its polymeric derivatives. Certain peroxidase substrates, benzidine for 
example, form a series of colored substances when reacted with H,0,-per- 
oxidase. Such color sequences, often observed in the oxidation of hydroxy- 
and aminobenzenes, indicate compulsory univalent electron transfer asso- 
ciated with semi quinone formation (Michaelis, 1935). It may also be pointed 
out that aqueous solutions of eugenol are colorless in acid solution and 
intensely yellow above pH 8. The lack of anticipated optical activity in 
natural lignins and their sulfonic acids led Adler and Lindgren (1952) to 
suggest the participation of radicals in the polymerization of aromatic sub- 
stances to lignin. 

The peroxide-dependency of the lignin-forming system has been demon- 
strated, however quantitative relationships have not been detailed previously. 

One gram (fresh weight) samples of pea root sections were placed in 25 ml. of 
-05 buffer containing 0.38 mmol. of eugenol and varying amounts of peroxide. After 


15 hrs. incubation with continuous shaking, tissues were dried to constant weight 
at 100° C., and the lignin content determined as usual. 


[he increase in total dry matter with increasing H,O, parallels almost 
exactly the variation in lignin synthesized (figure 2). Addition of more than 
0.5 mmol. of peroxide caused no further alteration in lignin produced from 
the quantity of eugenol supplied. From 62 mg. of eugenol, 43 mg. of lignin 
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were formed; the lignin-synthesizing system appears to be highly efficient. 
The total contribution of peroxide to the lignin produced cannot have 
exceeded 8 mg., the amount of active oxygen in 0.5 mmol. of H,0,. Available 
peroxide oxygen was presumably reduced in part during dehydrogenation of 
eugenol and in part combined with the precursor during hydroxylation of 
the aromatic nucleus. 

Under experimental conditions catalatic decomposition of H,O, is unlikely 
to have altered the peroxide level. Peroxidase substrates in general and 
certain phenols in particular depress or inhibit the action of catalase (Stern 
and Bird, 1952, Goldacre and Galston, 1952). 

In several experiments, the quantities of eugenol and peroxide consumed 
during the reaction were determined. When changes in reactants were 
estimated roughly from peroxide supplied and lignin formed, a figure of 
1—2 mmol. H,0,/mmol. eugenol was obtained, but more accurate determina- 
tions were desired. 

Two groups of pea root sections, each 1 gm. fresh weight were prepared, one 
placed in 25 ml. of buffered eugenol-H,O,, the other into buffered eugenol alone. 
Two additional vessels contained no tissue, but eugenol and peroxide respectively. 
The entire 25 ml. of eugenol in buffer was diluted to 200 ml. with 75 percent ethanol, 
and the optical density at 282 mu determined spectrophotometrically on an aliquot 
of the above solution diluted a further twenty-five fold. The peroxide-buffer mixture 
was also diluted to 200 ml. and H,O, determined by iodide titration on 5 ml. aliquots 
acidified with H,SO,. Vessels containing tissue were incubated for 15 hrs. at DA Ce 
tissues collected and lignin determined. Reaction mixtures were made up to volume 
for final eugenol and peroxide determinations. 


The initial reaction mixture contained 0.503 mmol. of eugenol and 0.882 
mmol. of peroxide. After 15 hrs., 39 mg. of lignin had been formed (46 per- 
cent of total dry matter); 0.333 mmol. of eugenol and 0.59 mmol. of peroxide 
had disappeared from the medium. The amount of eugenol consumed, 55 mg., 
exceeds the quantity of lignin formed by about 40 percent. It has already 
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Table 2. Inhibitors of Lignin Formation. 


er | Extent of Inhibition | 
Substance Concentration (M) | ER 
cn | Lignin formation Peroxidation of Pyrogallol, 
| | | i 
NARON Re increta tenace 10-3 85—100 % | $5—98 % 
NEN) ae 10-3 80 80-—90 
Pyrogallol | 10—3 90 | — 
Gualacolen ae 10-3 | 30—35 5—10 
Gysteine ee) 5 X 10-3 | 100 | 100 r 
Ascorbic Acid ......... 591022 | 75 Transitory 
3-Indoleacetic Acid .... 10-3 25—100 100 
Hydrazine Sulfate ... 10—+ Transitory 5—10 
Mn SAME eee 10-3 Transitory None | 


been noted however, that more than one product is formed in the oxidation 
of eugenol (Siegel, 1954). In the overall reaction 1.81 mmol. of peroxide were 
consumed per mmol. of eugenol utilized. No more than a general significance 
can be attached to this relationship until all reaction products can be 
accounted for. 

Inhibition of lignin formation was obtained previously with cyanide and 
indoleacetic acid, but a variety of other substances can prevent or retard 
lignin formation (table 2). Many effective compounds inhibit peroxidase 
itself. These include azide, cysteine and indoleacetic acid (IAA). The variable 
degree of inhibition with IAA is associated with differences in tissue: the 
formation of lignin by Elodea was inhibited completely with 4X 10% M IAA, 
but pea tissue was only partially inhibited by a concentration of 1073 M. 

Pyrogallol is a far more active substrate for peroxidase than eugenol. Pea 
root tissue supplied with H,O, (pH 4.5, phenol and peroxide both 10-3 M) 
will oxidize 10—15 uMoles of pyrogallol/mg. protein-N/30 sec. but only 
033 uMoles of eugenol. Further, the degree of inhibition depends on the con- 
centration of eugenol, hence, the action of pyrogallol is probably competitive. 
The effect of guaiacol can be regarded similarly. 

When hydrazine is added to a eugenol-peroxide reaction mixture. the 
characteristic yellow intermediate fails to appear for about 15 min. instead 
of developing immediately, If a reactive semiquinone is formed as has been 
suggested. inhibition by hydrazine may result from >trapping» of the inter- 
mediate. When the hydrazine has been completely reacted. the conversion 
of eugenol to lignin can proceed. The similar effect of Mn probably results 
from reduction of the intermediate and oxidation of the manganous ion. a 
phenomenon like that described by Kenten and Mann (1950). 
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Lignin Precursors 


Additional compounds, vanillin, eugenol monomethyl ether, coniferyl alco- 
hol, coniferin, phenylacelic acid, tyrosine and pelargonidin chloride have 
now been tested as lignin precursors. bringing to 21, the number of sub- 
stances surveyed. Lignin was formed readily from coniferyl alcohol (on the 
basis of color tests and solubility) but coniferin, its B-D-glucoside yielded 
lignin only after 15—20 hrs. preincubation with pea tissue before addition 
of H,O,. Eugenol monomethyl ether, without free hydroxyl groups, was 
neither a peroxidase substrate nor a lignin precursor. Phenyl acetic acid also 
failed to be oxidized by peroxidase, although phenylacetaldehyde has been 
shown by Kenten (1953) to yield benzaldehyde and formate peroxidatively. 
Pelargonidin chloride, a representative of the flavonoids, was prepared from 
petals of Pelargonium zonale. It was oxidized readily by peroxidase but 
formed no lignin. Tyrosine, a hydroxyphenylpropane with an additional 
function in the side chain, was oxidized slowly to relatively insoluble mela- 
noid pigments but also failed to produce lignin. 

Either the absence of a phenolic hydroxyl (as in cinnamic acid) or the 
blockage of an existing one by methylation or glucosidization is sufficient 
to prevent lignin formation. The behavior of coniferyl alcohol and coniferin 
indicates the presence in the tissue of a B-glucosidase. Conceivably. the loca- 
lization, specificity and activily of glucosidases in plant tissue may be of 
considerable importance in controlling the supply of free lignin precursor. 
hence of the lignification process itself (Freudenberg, 1952 and Higuchi 
et al., 1953). 

The role of peroxidase in polymerizing phenols other than phenyl propanes 
has a bearing on our understanding of lignin formation, Pyrogallol, a widely 
used substrate, is converted into purpurogallin, a tropolone (Maehly. 1949): 
guaiacol yields the tetramer, letraguaiaquinone (Sumner and Somers. 1947). 
In the oxidation of catechol. peroxidases, like phenolases. form melanin-like 
products of high molecular weight. The products of many other enzymatic 
peroxidations are unknown or uncerlainly characterized and our present 
knowledge does nol enable us to predict accurately whether a given substrate 
will be degraded as in the case of tryptophane (Wiltshire, 1953) or phenyl- 
acetaldehyde. polymerized. hydroxylated as in the case of monophenol, or 
simply dehydrogenaled like benzidine or quinol. 

Vanillin. of importance here because of its relation to lignins. yielded al 
least four recognizable substances when reacted with peroxidase-H, Os. 

0.5 mmol. of vanillin and 1.0 mmol. of 1,0, were incubated with 250 mg. of 
pea root tissue in 25 ml. of buffer for 3 hrs. By the end of this period an intensely 
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yellow solution and gray-brown sediment had formed. In the absence of tissue or 
peroxide, only the water-soluble yellow product appeared. This yellow pigment was 
also soluble in diethyl ether, but the brown sediment was soluble in neither of 
these solvents. The sediment was fractionated into three groups soluble respectively 
in hot ethanol and hot chloroform (insoluble ethanol) and insoluble in both of these 
solvents. All fractions were soluble in N/10 NaOH, but insoluble in an equivalent 
amount of NaHCO,, showing them to be weakly acidic, presumably as a result of 
the presence of phenolic hydroxyl groups. Fraction 1 was prepared as a deep orange 
crystalline product, fraction 2 in the form of light brown crystals, and fraction 3 
as an apparently amorphous brown powder. The composition of both ethanol- and 
chloroform-soluble fractions was within 0.1 percent of that for vanillin itself (cal- 
culated: C 62.3 percent, H 5.3 percent). Insoluble fraction 3 differed somewhat: 
C 60.3 percent, H. 4.8 percent. All groups were N-free. From 76.0 mg. of vanillin, 
6.0 mg. of ethanol-soluble material, 3.6 mg. of chloroform-soluble material, and 
6.9 mg. of residue were obtained. The water and ether-soluble fraction has not yet 
been examined. 


Agreement in elementary composition and differences in solubility between 
vanillin and its peroxidation products point again to polymerization reac- 
tions. The diversity of products obtained from vanillin suggests that non- 
enzymatic processes may succeed the formation by peroxidase of a single, 
simple intermediate compound. 


Extracts of conifers and angiosperms rich in essential oils containing 
hydroxyphenylpropanes will, of course, yield lignin-forming materials. It was 
of interest however, to determine whether or not non-aromatic non-woody 
species contained substances able to serve as lignin precursors in this system. 
Concentrated hot water extracts (200—500 mg. of material/ml.) were pre- 
pared and 1—2 ml. added to 0.5—1.0 mmol. of H,O, in 25 ml. of buffer 
containing 1—2 mm. slices of embryonic hypocotyl from the Red Kidney 
bean. After 5—10 hrs., the slices were observed for deposition of pigments 
and tested for lignin. 

One or more parts of 20 species were tested. Species containing lignin 
precursors included seeds or seed coats of Phaseolus vulgaris var. Red Kid- 
ney, Medicago sativa var. Grimm, Soya max. var. Biloxi, and Vicia faba. 
The fruit of Gleditsia triacanthos and petals of Pelargonium zonale also 
contained precursors. The pigment pelargonidin is not a lignin precursor, 
hence other substances in the petals were responsible for a positive result. 
Grains and leaves of a number of cereals failed to yield precursors as did 
the leaves of coleus and onion. 

Seeds should be particularly satisfactory for surveys of lignin precursors 


among herbaceous species insofar as they provide relatively high concentra- 
tions of phenols and often lignin. 
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METRIC 1 


The Effects of Lignin Deposition on Tissues 


Throughout these investigations it has been observed that tissues containing 
eugenol-lignin differ from controls in physical properties. In addition to sub- 
jective characters, brittleness, ease of cutting, etc., the degree to which tissues 
shrink in volume on drying is a measure of their mechanical alteration. In 
one experiment, the volumes of 10 sections were measured from vessels con- 
taining respectively buffer only, eugenol, and eugenol plus H,0,; sections 
were then dried to constant weight at 100° C. and volumes redetermined. 
Shrinkage in volume is reduced considerably only for the tissue provided 
with both eugenol and peroxide (figure 3). This latter group lost 51 percent 
of its volume and the others 95 percent or more. Several experiments revealed 
a rough inverse proportionality between amount of lignin deposited and 
degree of shrinkage. In this instance, the lignin content of the group supplied 
the eugenol-peroxide mixture was 43 percent of total dry matter. Considering 
the localiaztion of synthetic lignin in the cell wall, these findings can best 
be interpreted to mean that lignin has formed a »packing» material between 
the micellae and microfibrils of wall substance. 

The correlation between natural lignin content and mechanical properties 
is apparent, of course, in the obvious differences in shrinkage during the 
drying of woody and non-woody plants or plant parts. As a further test 
of such correlation, a poinsettia stem (Æuphorbia pulcherrima) was divided 
into internode segments and the weight and cross-sectional area of each 
segment determined. The summation of weight per unit area was computed 
as it varied from tip to base and converted into units of pressure-dynes/cm?. 
The lignin content of each internode was determined by the sulfuric acid 
method. When the variation in pressure and lignin content is compared 
(figure 4), a close relationship is found along the stem except in the vicinity 
of the apex. 

Reduced » wettability» is another physical property of tissues containing 
the synthetic lignin. This alteration is evident in the tendency of finely 
powdered tissue to float when in water or dilute acid for a considerable 
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period before sinking. Swelling of tissue slices in strong alkali is also notice- 
ably reduced. Naturally lignified tissue is, of course, less permeable to water 
than non-lignified material. In nature the lignification process involves far 
more than increase in lignin content associated, as it is, with differentiation 
and a multitude of cellular changes. Nevertheless, lignin deposition has both 
ontogenetic and phylogenetic significance for the higher plant. Paech (1950) 
terms lignin formation the basis for the development of the higher plant and 
regards it as one of the most important skeletal materials in the plant. Bailey 
(1953) in treating of the evolution of vascular systems has related lignin 
in tracheary tissue to mechanical support of the plant body and has further 
associated little or no cambial activity with low forms, and high, sustained 
cambial activity with arboreal forms. It is perhaps of significance that such 
water forms as Elodea, possessing virtually no endogenous lignin. never- 
theless retain the capacity for lignin synthesis, suggesting that the enzyme 
or enzymes involved in lignification are more widespread than lignin itself. 
Peroxidases may be found in fungi, algae, and thallose land plants. Hence 
if the evolution of the upright light plant did indeed depend on its capacity 
to synthesize lignin, it is in the phylogeny and genetic control of hydroxy- 
phenylpropane production that the limitations on lignification will be found. 


Summary 


Continuing previous investigations on peroxidative lignin synthesis, 
eugenol synthetic lignin has been shown to be chemically similar in many of 
its properties to spruce lignin and to lignins in general: (a) the carbon, 
hydrogen and methoxyl contents are in close agreement; (b) behavior toward 
a wide variety of solvents is identical: (c) ultraviolet absorption spectra of 
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synthetic lignin and that from spruce especially are nearly superimposible; 
(d) the same color reactions are given by both natural and synthelic 
materials; (e) both natural and synthetic products are located in the cell 
wall: and (f) both yield vanillin on nitrobenzene oxidation. Lignin synthesis 
from eugenol-H,0, can be accomplished with washed cell wall fragments. 


A visually observable sequence during the reaction of eugenol with H,O, 
in the presence of pea tissue is strongly suggestive of the formation of a 
semiquinone as an intermediate in the reaction. 


The efficiency of eugenol conversion is high in terms of yield and a ratio 
of 1—2 mmol. H,0,/mmol. eugenol (as lignin) is indicated. Determinations 
of eugenol and H,0, consumed during the reaction show an overall 1.81 
mmol. H,O,/mmol. eugenol, however peroxidation products of eugenol other 
than lignin are formed. 

Several inhibitors of lignin synthesis have been found, and although many 
of these inhibit peroxidase activity as measured with pyrogallol, some affect 
only the peroxidation of eugenol. 

Further examination of precursors indicates that blockage of the hydroxyl 
group of eugenol, as in its methyl ether, or of coniferyl alcohol, as in its 
glucoside, prevent lignin formation. The glucoside is a suitable precursor if 
the aglucone ts released by preincubation with the tissue, presumably through 
the medium of endogenous P-glucosidase. 

Peroxidase may operate as a degrading, dehydrogenating, hydroxylating 
or polymerizing enzyme, depending on the particular substrate provided. 
The peroxidation of vanillin to polymeric substances has been described and 
discussed. Although not a lignin precursor, vanillin is an important substance 
in lignin chemistry and the diversity of products obtained by enzymatic 
peroxidation indicates that non-enzymatic processes play an important part 
in enzymatic peroxidations as secondary reactions. 

Extracts of seeds and other non-woody parts of 20 species of plants show 
lignin precursors to present in some cases. 

Finally, the mechanical consequences of lignin deposition show (a) that 
tissues containing eugenol lignin shrink far less on drying at 100° C. than 
do controls; (b) that the wettability of such tissues is also markedly reduced. 
These properties are also to be found in naturally lignified tissue. The close 
correlation between mechanical (pressure) gradient and lignin distribution is 
demonstrated using the poinsettia stem as an example. The significance of 
lignin in the ontogeny and phylogeny of the land plant is discussed briefly 
in the light of already existing concepts. 
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Introduction 


During the course of our investigations on the germination of lettuce seeds 
and its photoblastism (2, 3, and 4), it became clear that in order to clarify 
the mechanism of light action on germination il was necessary to study the 
respiration of germinating lettuce seed. Such a study would have to serve 
the following purposes: 

(1) To find out if the wave length which stimulates or inhibits germina- 
tion has the same effect on respiration. 

(2) To study the time course of respiration from hour to hour in order 
to correlate the different stages of gern.ination with different phases of 
respiration. 

(3) To find a basis from which the problem of the metabolic action of 
germination inhibiting and stimulating agents in general could be attacked. 

(4) To see if the different germination behaviour of freshly harvested 
seeds and seeds stored for different lengths of time could be related to 


changes in their respiration. 


Besides these main aims the present paper contributes something to the 
much discussed question whether there is a respiratory response to light, and 
to our scant knowledge of the initial stages of the respiration of germinating 
seeds about which only very few data appear in literature. 


[33] 
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Experimental Material and Methods 


The seeds used in all experiments mentioned in this paper were lettuce 
seeds of the variety Grand Rapids which were harvested in 1950 in Califor- 
nia, except for experiment e, the seeds for which were sown and harvested 


in 1951 in Jerusalem. 


List of experiments. 
a nn — on... 000... 


en Sign of DA 
Source of Date of Treadiment g À 
material experiment er is treatment| germ. 
| ee ee ——  — ——……—…— 
| ; 
PW. summer 1951 to) a Seeds kept in darkness from be-_ D 24 


ginning of imbibition till end of 


autumn 1952 
respiration measurement | 


» » b after one hour of imbibition seeds IR 22 
| exposed for 5’ to blue light 


(Wratten filter 47) | 


» | » | € after two hours of imbibition R 85 
seeds exposed for 5’ to red light) 
(Corning glass filter 245) | 


» » | d | seeds decoated before imbibition. D 67 
| | Otherwise as in Exp. a 


Jerusalem > e as in exp. a = 12 
P.W. winter 1953/54 1 as in exp. a D 34 
2 | 2 g after 15’ of imbibition seeds ex- IR 24 


posed for 5 min. to infrared light 
| | (Wratten filter 88 A) 


= | > h | as in exp. c | R 76 | 


» » i as in exp. c, but immediately RIR 38 
| | after the red irradiation the seeds] 
| were exposed to infrared light as, 
in exp. g 


Before inserting the various light filters the white light source was adjusted 
to give 250 F.C. The filter used in experiment b transmits infrared as well 
as neutral blue light. As it was found that the inhibiting effect of this filter 
is due to the infrared light, this kind of treatment was designated IR together 
with the treatment described in Experiment g. The seeds were illuminated 
at different times after the beginning of imbibition according to the peak 
of the sensitivity they show towards the respective wavelength. During storage 
the seeds were kept air-dry in linen bags at room-temperature in the dark. 
The experiments — germination and respiration measurements — were car- 


+ 


ried out at 26 C. 


As is seen from the list above experiments f, g, h and i were carried out 
with the same seeds as a, b, c, d but after a considerably longer storage period. 
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The experiments were carried out as follows: 200 mg. of seeds and 0.25 ml. of 
water were placed into Warburg respirometer flask (average volume of the flasks 
11—13 ml.). Only 100 mg. of seeds were used when working with decoated seeds 
(set d). 0.25 ml. of water were used (except d, where 0.15 ml. water was applied), 
after preliminary experiments had shown this to be the optimal amount. The open 
flasks were placed in tin containers having a water saturated atmosphere, which 
were transferred to an incubator at 26° C. When the seeds were illuminated with R 
or IR the containers were taken out of the incubator, opened, illuminated and put 
back into the incubator. The respiration measurements were made in a circular 
Warburg respirometer by using the direct method with 0.2 ml. of 20 per cent KOH 
in the central well with a filter paper wick. 

In order to carry out respiration measurements during for example, twenty eight 
hours, 112 lots of seeds were germinated. Every hour, four flasks were taken out 
of the incubator and transferred to the respirometer. Two bottles were used for 
CO, determination and two for O, determination. After an adaptation time of fifteen 
minutes the manometers were closed and the respiration measurement, which lasted 
for one hour, was begun. After this the flasks were discarded, and four new flasks 
were used for determining respiration during the next hour. Before the flasks were 
put into the Warburg respirometer, they were wrapped in dark plastic sheets, so 
that during the measurement no light penetrated to the seeds. The transfer from 
thermostat to manometer and the wrapping of the flasks were carried out in verv 
weak neutral light which did not affect germination. Each experiment was repeated 
at least three times. 

The respiration measurements for (a)—(e) were carried out every hour, whereas 
the respiration of (f)—(i) was measured every second hour. In order to test whether 
there was a difference, if the same respiration hour in the different experimental 
lots was measured on the same or on different days, the measurements were carried 
out in two ways: (a) respiration of seeds belonging to the same experimental lot, 
but germinated for two, three, four hours, etc., was determinated during the same 
run of the respirometer, and (b) portions of seeds belonging to different experimental 
lots, but after identical time of germination, were measured at the same time. No 
significant difference was found. 

Qo, and Qco, were calculated as the amount of absorption or evolution of gas in 
microliters per 100 mg. air-dry seeds per hour. 


Experimental Results 


(1) Experimental lots (a)—(e) 


Figures 1—3 give the Qoo, Qco. and RQ measured. The diagrams show 
that during the whole course of respiration Qo. and Qco, of the seeds kept 
in complete darkness (a) and of those treated with IR (b) are nearly identical. 
A statistical analysis has shown that from the third to the twenty eight hour 
the uptake of O, of (b) exceeds that of (a) by only 1.6 microliter per hour. 
This difference is statistically not significant at the 5 per cent level. The 
corresponding difference of CO, output is 1.8 microliter per hour, and this 
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QO,pl/100mg æeds 


2 4 6 8 10 12 14 16 18 20 22 24 26 28hours 


Figure 1. Effects of various treatments on the Qo, of lettuce seeds. Explanation see text. 


——— exp.lot a treatment D 
EEE » b » IR 
nn » c » R 
Ste > d > D 
—X—X » e > D 


diffrence is again not significant at the 5 per cent level. For the further analysis 
results obtained with (a) and (b) were therefore pooled, and are referred to 
as »darkness» (a—b). The curves of the seeds treated with R (c) are in 
general higher than those of the »dark» seeds (a—b). On an average, the 
uptake of O, of (c) exceeds that of (a—b) by 8 microliters per hour for the 
period from the third to the twenty eight hour. The corresponding figure 
for Qcos is 6.6 microliter. Both these differences are highly significant 
(P 0.001). These differences are partly due to the fact that the germination 
of seeds treated with R starts earlier than germination of »dark» seeds and 
those illuminated with IR. The steep second rise in oxygen uptake and carbon 
dioxide output is evident in all seeds, germinating and non-germinaling ones 
alike, and coincides with the moment, where — in the germinating ones — 
the radicle emerges from the seed coat. This rise begins for the (c) seeds at 
about the fifteenth hour and for the (a—b) seeds at the eighteenth hour. The 
question, therefore, arose whether the difference in Qo, and Qcos. observed 
between (a—b) and (c) for the whole period of twenty eight hours, is due 
only to the earlier start of germination of c, or whether the difference in 
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0CO, pl/100 mg seeds 


4 8 12 16 20 24 28hours 
Figure 2. Effects of various treatments on the Qco, Of lettuce seeds. Explanation see text. 
— explora treatment D 
an Sipe » b » IR 
asia à » c » R 
ee » d » D 
—X—X > e » D 


the rates of respiration is independent of the visible onset of germination. 
In order to answer this question the interval from the third to the twenty 
eighth hour was divided into two periods: the first extending until earliest 
germination observed in every lot, while the second starts, when the root 
emerges from the seed coat irrespective of the time at which this occured. 
The levels of respiration are compared for the second period at corresponding 
lime intervals after the respective start of root emergence. 

For the pre-germination period the average rates of oxygen uptake and 
carbon dioxide output of lot (c) exceed the corresponding rates observed 
for lot (a—b) by 4.2 and 3.6 microliter per hour respectively. Both these 
differences are highly significant (P 0.001). After the start of germination 
the differences are 3.5 and 2.9 microliter per hour. Both these differences are 
non-significant at the 5 per cent level. This means that the illumination with 
R has a significant effect on respiration rate only until the start of germina- 
tion. During this period the stimulating effect of R on respiration is already 


evident one hour after illumination. 
The freshly harvested seeds (e), which are much more dark dormant, 
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RQ 


12 


08 


06 


D 2 due 6 8 100 PM i ail iy.) me 


Figure 3. Effects of various treatments on the RQ of lettuce seeds. Explanation see text. 
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exhibit considerably lower rates of oxygen uptake and carbon dioxide output 
than the seeds (a—b) and (c). In contrast, the respiration level of the de- 


coated seeds (d) is already higher during the first hour after the onset of 
imbibition. 


During the germination period in which measurements were carried out, 
respiration rates do not remain at the same level. With the start of imbibition 
the respiration rale rises to a first maximum which is reached during the 
fourth to sixth hour after the beginning of imbibition. The respiration rates 
of most lots then seem to decrease until the onset of germination (fifteenth 
to eighteenth hour), while respiration levels of the lots irradiated with R 
(curve c) suggest violent fluctuations of these rates. The minimum reached 
in all curves is followed by a sharp rise. The rise in the respiration rate is 
evident even for lots (e). whose germinations percentage is very low. In this 
case Ihe rate of respiration after the short rise drops off slightly. 

The statistical significance of the decrease of these rates was tested in two 
different ways: 
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Table 1. Average respiration rates during the first and second parts of the 
pre-germination period, 
ee eee 


\ Gas exchange | lots | 1 part 2 part | difterence ie 
| 
| | a 38.0 32.2 5.8 0.001 
b 38.2 31.2 7.0 | 0.001 
Oxygen uptake ......... gl c 39.9 | 37.2 2.7 | 0.05 
| d 579 | 51.9 6.0 | 0.01 
| e 28.9 23.8 5.1 0.001 
| | 
| a 33.3 297 3.6 | 0.01 
b 33.8 21.0 6.3 0.001 
| Carbon dioxide output c 37.7 32.8 4.9 0.001 
| | od 504 | ‘45.6 4.8 0.05 
| | e 25.1 22.9 2,2 | 0.02 


(a) By dividing the period before germination into two parts. All the 
respiration rates show a significantly higher level during the first than 
during the second part (the difference being significant a! the 0.01 level; 
see Table 1), except Qco, of (c) and Qcos of (d) and (e), which are significant 
ai a lower level only. 

(b) By fitting a straight line to observed respiration rates, this trend 
decreased significantly with respect to all series. It might be mentioned that 
this slope was steeper with respect to seeds (a—b) than with respect to 
seeds (c), but this difference could not be shown to be statistically significant. 


The RQ’s of all seeds do not show any statistically significant differences 
(Figure 3). During the whole period of respiration measurements the RQ's 
remain more or less at the same level (about an average of 0.92). 


(2) Experimental lots (f)—ù). 


Figures 4—6 give the Qos, Qco, and RQ of lots (f)——(i). The most important 
fact is that throughout the period of measurement the respiration rate ot the 
seeds treated with R (h) is very significantly higher than that of the seeds 
illuminated with JR (g). The Qo. and Qco, curves of the seeds treaied with 
RIR (i) occupy a more or less intermediate position between (h) and (8). 
The Qo, values of the »dark seeds» (f) do no differ significantly trom those 
cf the seeds treated with R (h) up to the eighteenth-twentieth hour, whereas 
the Qco, values of the dark seeds are lower than those of lot (h). All the 
Qu, curves show a rise for the first hours, then : emain at the same level up 
to the twelfth-fourteenth hour, and then rise considerably up to the twentieth 
hour. The h-curve goes on rising, whereas the other curves ‘all. 

The Quo, curves of (f), (g) and (i) fall to the eighth hour, then rise to the 


D 
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Q 0, pl “100 mg seeds 


2°4 6 8 10 12 14 16 18°20 22 24 26°28°3C" hours 


Figure 4. Effects of various treatments on the Qo; oj lettuce seeds. Explanation see text. 


exp.lot f treatment D 
ARLES £ » IR 
---- » h R 
ee i RIR 


2ighteenth respectively twentieth hour, when a second fall sets in. The (h) 
curve does not show an initial fall and remains at the same level till the 
twelfth—fourteenth hour when it starts rising steadily. 

The RQ values (Figure 6) fall considerably for the first eight hours, after 
which they rise slowly. During the whole period of measurement the RQ’s 
of the seeds treated with R (h) are significantly higher than those of the 
»dark seeds» (f). The same is true for the seeds treated with IR (g) up to the 
thirteenth hour. The RQ values of the (h)-seeds and those of the seeds treated 
with R IR (i) are not significantly different. 

A comparison between (a)—(c) and (f)—(i) shows the following dif- 
ferences: 

(1) The Qo. values of (f)—(i) are higher than those of (a)—(c). From the 
sixth to the eighteenth hour onward things are reversel if we do not take 
into consideration the seeds treated with R. 

(2) The Qco, curves of (a)—(c) and (f)—(i) run more or less parallel and 
are at the same level up to the eighteenth till the twentieth hour. Then the 
values for (f), (g) and (i) drop to a much lower level than those of (a) and (b). 
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Figure 5. Effects of various treatments on the Quo, of lettuce seeds. Explanation see text. 


exp.lot f treatment D 
gt tar es » g » IR 
———— > h » R 
ern eee s » 1 » RIR 


RQ 


12 


10 


08 


06 


CONTRE OR NES MUR ga za BR hours 


Figure 6. Effects of various treatments on the RQ of lettuce seeds. Explanation see text. 
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The RQ values for (a)—(c) do not differ from each other and remain 
more or less at the same level. In contrast to this there is a significant dif- 
ference of the RQ values between R and dark, while the other RQ’s are inter- 
mediate. The RQ’s do not remain at the same level, but fall during the first 


eight hours and rise again. 


Discussion 


The most important fact brought out by this investigation is that germina- 
tion promoting R and germination inhibiting IR have a pronounced effect 
on respiration. 

With the experimental lots (a)—(c) R causes a rise in the respiration rates 
of the treated seeds, which means higher Qo, and Qco, values throughout the 
experiment. 

With the experimental lots (f)—(i) the stimulating influence of R on 
respiration is only evident on the Qco,. This means that during storage a 
metabolic shift takes place inside the seeds causing a different respirational 
response to R. 


The influence of IR on respiration changes with storage too. With lots 
(a)—(c) IR does not depress respiration below the values obtained from dark 
seeds. With lots (g)—(i) the Qo, values of IRtreated seeds are clearly lower 
than those of dark seeds. These changes in the effect of R and IR on respira- 
tion during storage are not astonishing as we know already that during 
storage the germination behaviour of seeds also changes. We take as example 
the fact that the germination percent of freshly harvested seeds is very low 
and rises with storage. The sensitivity of freshly harvested seeds to R ist 
greater than that of old seeds. Freshly harvested seeds have a very low 
germination percentage in the dark. 


A noteworthy and perhaps important point is the opposite influence of 
R and IR on the respiration of the old seeds. R raises the rate of Ocos; IR 
depresses the rate of Qos. R does not change the rate of Qo, and IR does not 
affect the rate of Qeos. It is interesting that the influence of R IR is not 
identical with that of IR alone, either in respiration or in germination. IR 
depresses the germination percentage below that of dark, RIR only to that of 
dark. This shows that influence of R cannot be cancelled completely by IR. 

R retains part of its effect on respiration as the Q,, and Oco, curves of 
R IR are more or less intermediate between R and IR when gıven separately. 

When we started our work there were only three papers by Schroeppel (14) 
Kipp (9) and Leggatt (10) dealing with the influence of light upon the respira- 
tion of photoblastic seeds (Nicotiana Tabacum and Lactuca). Schroeppel 
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and Kipp observed that the respiration curves of seeds kept in darkness show 
a rise coinciding with the maximum of imbibition followed by a decline. 
Light which stimulates germination stops the decrease of the respiration 
rate. Leggatt (10) found that blue germination ınhibiting light depresses 
respiration by promoting a »carbon dioxide zymosis». After all the experi- 
mental work for this paper was done, a paper by Leopold and Guernsey (11) 
was published dealing with the influence of R and IR on respiration. They 
used the same variety of lettuce seeds (without stating their physiological 
age), but their technique of illumination was different. In their R treatment 
the seeds were continuously illuminated after one hour of darkness. In their 
IR treatment they gave the IR one hour only after R (one hour) using as 
control R-treated seeds. Qco, values are not given, and their measurements 
cover only the first five hours of respiration. But even so, some common 
conclusions can be drawn. In both cases the effect of R and IR on respira- 
tion is already manifested a short time after the start of the irradiation and 
long before the first visible sign of the light effect on germination appears. 
This immediate response makes it probable that R and IR influence ger- 
mination through their effect on respiration. In both cases R stimulated, IR 
depressed respiration. 

But there is one difference: In our case the effect of R on Qo, is in the 
order of magnitude of 20—30 per cent, and there is no spectacular sudden 
rise. In Leopold and Guernsey’s experiments the rise amounts to 660 per cent, 
is very sudden and subsides about one hour after the peak is reached. It 
may well be that these differences are due to the continuous application of 
R in their experiments on the one hand and our very short illumination 
times on the other. The fact that in their experiments when R was applied 
for only one hour the rise of the Qo, values was much smaller, tends to 
support this suggestion. 

The respiration rate of decoated seeds which are nonphotoblastic and ger- 
minated in darkness with the same high percentage as in light (3), is from 
the beginning very much higher than that of complete seeds, even when 
these are treated with red light. 

It is already known (3) that decoating has a pronounced influence on the 
respiration of various seeds. But the interesting point here is that by de- 
coating the respiration rate rıses to the same high level characteristic of the 
respiration of another lettuce seeds variely (Progress) which, under the tem- 
perature conditions used here, is not photoblastic, exactly like the decoated 
Grand Rapids seeds (Levari, 12). 

The fact that freshly harvested, very photoblastic seeds have a much lower 
respiration rate than seeds stored for some time, suggest, in conjunction with 
the behaviour of decoated seeds, the following assumption: 
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Freshly harvested seeds possess a respirational block which can be 
eliminated by R and reconstituted by IR. In storage this block is partly Es 
come by slowly developing metabolic changes. This respirational block is us 
reason for the low germination percentage of the dark seeds. By decoating 
the seeds this block is removed. It remains uncertain if R removes the same 
or a different block, as the respiration values of the decoated seeds are higher 
than those of complete seeds treated with R. The respiration and therewith 
germination inhibiting block does not exist in non-photoblastic varieties such 
as Progress. 

The physiological changes occurring during storage express themselves in 
three ways: There is a shift in the germination percentages in the dark, the 
response to R and IR is changed and the respiration is different. 

This change in the respirational behaviour throws some light on the nature 
of the physiological shift involved. The average RQ's of a (0.928), b (0.928) 
and c (0.910) are higher than those of f (0.760), g (0.820), h (0.865) and 
i (0.846). These differences are in reality greater than a comparison of the 
averages can show. The values for (a)—(c) are for the whole time more or 
less at the same level without significant differences between the different 
curves. The values for (f)—(i) show distinct fluctuations during the period 
of measurement. We cite as example (g) which starts at 1.18, falls to 0.69 
and rises again to 0.89. At the same time there are significant differences 
between the different curves of (f)—(i). The values for (f) for example are 
always significantly lower than the values for (h). This means that the 
different treatments applied to the old seeds used in (g)—(i) change the 
RQ’s, which is not so for (a)—(c). 

There are two possibilities which alone and together could explain the 
reason for the different average RQ values: During the storage the respira- 
tional system itself undergoes a change and runs after long storage along a 
different metabolic pathway. This possibility could be based on the fact 
that different treatments do not affect the RQ values of (a)—(c), but only 
change the respiration rate. But when applied to the »old» seeds, they change 
the RQ. Without being able to draw a final conclusion one could arrive 
at the following assumption: »Young» seeds possess a stable respiratory 
system. Sucrose is respired and the equilibrium between respiration and 
fermentation is fixed, does not change during germination, and is not affected 
by the different treatments. The respirational substratum of the »old» seeds 
is mixed and the equilibrium between respiration and fermentation is labile, 
changes during germination and is affected by the different treatments. It 
is interesting in this connection that Brown (1) observed rapid changes in 
the respirational activity and a rapid fall of the RQ in acorns during storage, 
accompanied by a rise in the germination percentage. 


THE RESPIRATION OF PHGTOBLASTIC SEEDS 45 


As far as the »young» seeds are concerned, there is good likelihood that 
sugar, ie. sucrose, is the only respirational material used in respiration for 
the first twenty four hours. Poljakoff-Mayber (1953, 13) has shown that the 
»young» dry Grand Rapids seeds contain 400 mg. fat and 29 mg. sucrose 
per 1000 mg. of seeds. During the first twenty four hours of germination, 
i.e. the period of time in which we are interested here, the fat reserve remains 
wholly untouched, whereas the sucrose content decreases. The amount of 
oxygen absorbed by seeds germinated in light during this period is about 
1200 microliter per 100 mg. of seeds. This is almost exactly the amount 
needed to oxidise the amount of sucrose lost during the corresponding time 
under the same conditions when calculated as mg. and corrected for NTP. 
RQ values are in good agreement with this. 

It is interesting to compare our results obtained with a photoblastic variety 
of lettuce seeds with those worked out by Levari (12) working with the non- 
photoblastic variety »Progress». The rate of respiration of Progress is con- 
siderably higher. Only our decoated seeds approach the high values of 
Progress. The course of the respiration curves is very similar to that of 
(a)—(c). There is an initial rise, followed by a strong decrease, reaching its 
lowest point between the fourteenth and sixteenth hour. This decrease, just 
before the beginning of germination, is typical for all Levari’s curves. 

The average RQ of Progress is lower than the RQ’s of (a)—(c) and (f)-—(j), 
but the time-course of the RQ is very similar to that measured by us for 
(f)—(i). It falls from an initial 0.84 to 0.71 at the time of the general 
decrease of the respiration rate. This must mean that at the time of the 
decreasing respiration rate either there occurs a switch-over from one respira- 
tional substrate to another, or a change in the respirational pathway. Only 
additional research on the substrates respired and the part played by respira- 
tion and fermentation during germination can elucidate this interesting point. 
After the decrease, the RQ’s rise again to 0.79 at the twenty fourth hour. 
This too happens more or less in a similar way with our lots (f)—(i). The 
RQ’s of Progress are lowered by the germination inhibiting coumarin and 
2.4-D which compared well with the fact that our dark (f) and IR (g) series, 
which both are characterised by inhibited germination, have a lower RQ 
than the R-treated seeds (h). Here, too, Levari comes to similar conclusions. 
She could prove that for Progress the O, absorption during the first twenty 
four hours is higher than the amount needed for the oxidation of sucrose 
present. Another substrate, besides sucrose, is respired. Coumarin and 2.4-D 
in her case, darkness and IR in ours, may disturb the equilibrium of these 
substrates, bringing about a change in the RQ. Another noteworthy feature 
of our respiration curves (a)—(e) and those of Levari is the initial rise 
followed by a second rise. This course of the curves cannol be compared with 
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the »great period of respiration» observed by Fernandez (8) and other 
authors. The »great period» is stretched over the first few days of germina- 
tion, whereas in our case all the changes occur during the first twenty four 
hours. We have no explanation to offer. We can only state that the second 
rise cannot be explained by the rupture of the seed coat as it happens not 
only in those lots whose germination percentage is high but in the lots whose 
germination is very poor as well. The first rise coincides more or less with 
the maximum of imbibition. The depression before the second rise cannot 
be correlated with any known physiological events occurring inside the seeds. 


Summary 


The effects of germination stimulating red light and germination inhibiting 
infrared light were studied in photoblastic lettuce seeds var. Grand Rapids 
after different periods of storage. The following results were obtained: 

(1) After a shorter period of storage: 

Qos and Qco, of seeds illuminated with infrared light were almost identical 
with those of seeds kept in darkness. 

Seeds treated with red light have a significantly higher Qo, and Qcos till 
root emergence begins than seeds kept in darkness. This effect is already 
evident one hour after illumination. 

The highest Qo, and Qc, were found in decoated seeds kept in darkness. 

Time curves of respiration rates show more or less the same pattern in 
all treatments. 

RQ’s remained at the same level and no significant difference could be 
found between those of seeds under different treatments. 

(2) After a longer period of storage: 

The effect of red and infrared light on respiration changes, as red light 
only raises Qco, in comparison with darkness, whereas Qo, is not affected, 
while infrared light lowers Qo, only. 

Seeds exposed first to red and afterwards to infrared light have rates inter- 
mediate between those of seeds treated only with red or infrared light. 

The time curves of respiration rates differ from those after short periods 
of storage. 

The RQ’s do not remain at the same level and there are differences between 
those of different treatments. 

It is suggested that in young seeds a respirational block exists which may 
be responsible for the germination behaviour of light sensitive seeds in 
darkness. This block may be overcome to various degrees by red light, by 
storage or by decoating the seeds. 
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Introduction 


a-(1-naphthylmethylsulphide)-propionic acid (NMSP) at appropriate con- 
centrations stimulates the growth of excised tomato roots cultured in a modi- 
fied Whites medium (Street, 1954). The concentration of NMSP required to 
produce maximum growth stimulation rises during repeated subculture of 
the main axis lip or with increase in the sucrose concentration of the medium 
from 2 to 3 per cent. The decline in growth and changes in root morphology 
which occur during repeated subculture of main axis tips (Street, McGonagle 
and Roberts, 1953) can be counteracted by appropriate NMSP treatment. 
These effects of NMSP have been explained on the hypothesis that it anta- 
gonises a naturally occurring root hormone which tends to accumulate to a 
supra-optimal concentration during growth, Although this interpretation is 
supported by the demonstration by Äberg (1950) that NMSP is an anti-auxin, 
our results could not exclude the alternative hypothesis that NMSP stabilises 
or substitutes for some essential hormone which is depleted from the main 
axis meristem during culture. Ashby and Wangermann (1951) had earlier 
advanced a ‘depletion’ hypothesis of this kind to explain ‘ageing’ in Lemna 
and Wangermann and Lacey (1943) considered that this hypothesis was 
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supported by their work with tri-iodobenzoic acid. This substance failed to 
counteract 'ageing’ in Lemna although it antagonised the effects of added 
IAA. Alone it induced symptoms which they considered would result from 
a reduced effective auxin level. It was clearly desirable to see whether other 
substances having ’anti-auxin’ activity would resemble NMSP in their effects 
on the growth of excised tomato roots and on the survival of their meristems 
when repeatedly subcultured. 

A number of substances have now been tested for their effects on the 
growth of Ist passage tip cultures of excised tomato roots. These experiments 
were designed to examine whether the growth response to the substance 
under test takes the form of an optimum curve similar to that obtained with 
NMSP and whether this curve is shifted towards higher concentrations of 
test substance by increase in sucrose concentration of the medium. In appro- 
priate cases this has been followed, according to whether the substance 
resembled NMSP or IAA in its growth effects, by assay of its ability either 
to enhance survival in 3 per cent sucrose medium (NMSP-effect) or to 
decrease survival in 2 per cent sucrose medium (IAA effect) (Street, 1954). 

The substances tested are considered in two groups: — 

Group I — Substances reported to have anti-auxin activity but differing 
markedly from NMSP in chemical structure: — 2,3,5,-triiodobenzoic acid; 

a-(parachlorophenoxy)isobutyric acid, phenoxy-cyclopropane carboxylic 
acid. 

Group II — Naphthyl compounds: — 1-Naphthoxyacetic acid; 2-Naphth- 
oxyacetic acid, 1-Naphthaleneacetic acid. 


Experimental 


Clonal’ roots of Lycopersicum esculentum Mill (Best-of-All) were used throughout 
(Street and McGonagle 1953). Standard culture medium (Street and McGregor 1952) 
containing either 2 or 3 per cent sucrose and modified by addition of the substances 
under test has been used. 


Group I substances 


2,3,5-Tri-iodobenzoic acid (TIBA) 

TIBA, tested in 2 per cent sucrose medium, failed to stimulate growth over 
the concentration range tested. At concentrations of 0.02 mg./l or below it 
was without significant effect. At 0.05 mg./l or higher concentration it was 
inhibitory to both main axis growth and lateral development (Table 1). In 
medium containing 3 per cent sucrose, inhibition was clearly evident at 
0.02 mg./l and over the whole range the extent of the growth inhibition was 
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Table 1. Effects of 2,3,5-trüodobenzoic acid (TIBA) on the growth of excised tomato roots. 
Each treatment represented by 18 replicate cultures. 


i a TTT OTT ToT cr 
Sucrose concentration |Concentration of, Increase in main Lateral laterals per root 
g./100 ml. TIBA mg./l. axis length (mm.) No. Gc) 
ee ee EE — 
nil 56.1 23.6 107 
0.01 93.2 24.0 Pal 
0.02 54.3 20.1 115 
0.05 | 34.4 14.9 81 
2 0.10 25.8 6.5 43 
0.20 25.6 4.0 24 | 
0.40 22.9 251 12 
1.0 19.2 — — 
20 no growth 
nil 42.6 13.4 78 
0.01 39.1 10.4 62 
0.02 24.5 8.2 57 
J 0.05 | 18.3 6.4 39 
- 0.10 | 15.2 2.9 20 
| 0.20 13.2 3.6 20 
0.40 12.6 21 14 
| 1.0 no growth 


increased by using the higher sucrose concentration. Survival of roots 
repeatedly subcultured in either 2 or 3 per cent sucrose medium was reduced 
by the presence of TIBA (Figure 1), although as with IAA the percentage 
growth inhibition (relative to the corresponding controls for each passage) 
did not progressively increase from passage to passage (Figure 2). Roots 
inhibited by TIBA resembled in morphology roots inhibited by IAA or by 
repeated subculture and the meristems ceasing activity in its presence were 
typical »sinkers». TIBA had effects on excised root growth resembling those 
of IAA rather than of NMSP. 

The form of the curve obtained by plotting TIBA concentration against 
increase in main axis length (data from Table 1) resembles that obtained by 
Aberg (1953) using seedling flax roots. Aberg suggests that at low concentra- 
tion TIBA inhibits growth by acting synergistically with the natural auxin 
of the root and that the flattening out of the inhibition curve at somewhat 
higher concentrations is due to a balancing of this synergism by an anta- 
gonistic effect. The latter, however, never becomes dominant because with 
further increase in TIBA concentration toxic effects, not specifically related 
to the auxin system, supervene. In considering the nature of this synergistic 
or auxin-like effect of TIBA Aberg points to a report (Galston, Bonner and 
Baker 1950) that TIBA inhibits IAA-oxidase. Aberg considers that a similar 
synergistic effect is encountered in the effect of low concentrations of TIBA 
on shoot growth and Snyder (1949) has pointed to the marked toxicity to 
shoot cells of high TIBA concentrations, The inability of this substance to 
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Figure 1. Effect of 2,3,5-triiodobenzoic acid (TIBA) 
on the survival of excised tomato roots in 2 per 
cent sucrose medium when repeatedly subcul- 
tured, at the end of each 7-day passage, by ex- 
cision of the main axis tip. Concentrations of 
TIBA as mg. per 1. of culture medium. 


3 4 5 
PASSAGE NO. 


prolong the life of the Lemna frond (Wangermann and Lacey 1953) is there- 
fore not surprising and its choice as an ’antiauxin’ may have been un- 
fortunate. 


a-(parachlorophenoxy) isobutyric acid (PCIB) 


This substance was found by Burström (1950) to increase the elongation 
of seedling wheat roots and this effect was explained as due to its antago- 
nising the natural auxin controlling cell elongation. It also antagonised the 
inhibiting effect of externally applied IAA on the elongation of root epidermal 
cells. 

The material used in the present experiment was synthesised by Professor H. Erdt- 


man of the Royal Institute of Technology. Stockholm and was kindly made ayail- 
able to the author by Professor Burstrom. 


The effects of PCIB on excised root growth in 2 and 3 per cent sucrose 
media is shown in Table 2. With 2 per cent sucrose there was increasing 
stimulation of main axis elongation with concentrations of PCIB up to 
0.05 mg./l. although over the whole concentration range tested there was a 
progressive decrease in lateral number. Concentrations up to 0.05 mg./i. 
caused the lateral roots to be more widely spaced along the main axis but 
caused only slight retardation of lateral elongation (average length per 
lateral showed only a slight decrease). With 3 per cent sucrose the main axis 
elongation was not significantly affected by concentrations of PCIB up to 
0.05 mg./l. though again lateral number was progressively depressed. Con- 


52 H. E. STREET 


2% SUCROSE 


€ 
E 
— 
= 75 
4 
4 CONTROL 
un 
[eu] 
>< 
< 
50 
Z 
= 
Z 0.02mg./l. 
2 LAN 0.05 mg. Il. 
u 25 te N, __-040mgll. 
= ee A0 mo If) 
== 


Figure 2. Effect of TIBA on the mean values 
for increase in main axis length (mm.) (Legend 
otherwise as Figure 1). 
3 4 5 6 

PASSAGE NO. 


centrations of PCIB above 0.05 mg./l. caused retardation of main axis elonga- 
tion in both media. 

Concentrations of PCIB up to 0.5 mg./l. did not significantly affect the 
survival of apices repeatedly subcultured in 3 per cent sucrose medium 
although the two highest concentrations employed (0.2 and 0.5 mg./l.) were 
inhibitory. Sensitivity to PCIB appeared to decrease with time and by the 
third passage there were no significant differences between the mean growth 
values for all PCIB treatments and the controls. A similar loss of sensitivity 
to PCIB was noted by Burström (1950). 

Although PCIB stimulated main axis elongation in 2 per cent sucrose 
medium no similar effect was observed at higher sucrose concentration. The 
concentration at which inhibition of main axis elongation became apparent 
was unaffected by the sucrose concentration. Although there occurred a 
progressive decrease in lateral number over the whole of PCIB concentra- 
tions tested the rate of lateral elongation was not depressed until concentra- 
tions inhibitory to main axis elongation were reached. PCIB failed to enhance 
survival of roots repeatedly subcultured in 3 per cent sucrose. This substance 
therefore did not exert effects on excised root growth similar to those obtained 
with NMSP. 

Burström (1950) concluded that the increases in root length caused by 
PCIB resulted from its stimulation of cell elongation. The increase in length 
of the root was entirely due to a greater length of the cells. PCIB was either 
without effect upon or depressed the rate of cell multiplication. Depression 
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Table 2. Effects of a-(parachlorophenoxy)-isobutyric acid (PCIB) on the growth of excised 
tomato roots. Each treatment represented by 20 replicate cultures. 
ee 


Sucrose concentration |Concentration of Increase in main | Lateral | ,/°t@! length of 
g./100 ml. PCIB mg./l. axis length (mm.) No. laterals per root 
(mm.) 
nil 59.4 29.1 153 
0.005 60.9 26.6 138 
0.02 66.4 23.1 109 
2 0.05 68.7 17.2 83 
0.10 57.1 O1 38 
0.20 58.5 4.8 15 
1.0 31.2 = as 
nil 47.5 14.9 59 
| 0.005 47.6 13.2 61 
3 0.02 49.1 11.8 49 
0.05 48.3 7.4 35 
0.20 40.3 2.0 9 
0.50 34.7 0.5 2 


of the rate of cell multiplication occurred at concentrations still markedly 
stimulatory to cell elongation. The effects of PCIB on cell elongation and 
cell division have not been examined on the present study but the wider 
spacing of laterals associated with PCIB treatment would be expected if the 
primary effect of this substance is on cell elongation. There is no evidence 
from Burström’s work or our own that PCIB can stimulate meristematic 
activity. The hormone controlling cell elongation and which is antagonised 
by PCIB is presumably not that controlling meristematic activity. 


Phenoxy-cyclopropane carboxylic acid (PCPC) 
mm 
vy CH, 


CH - COOH 


> 
a 


This substance was synthesised in the Station de Physiologie Végétale, Centrale 
National de Recherches Agronomiques, Versailles and kindly made available to the 
author by Dr. G. Morel. It was found at that laboratory to have an effect on the 
growth of seedling barley roots similar to that recorded by Burström using PCIB 
on wheat roots (Private communication from Dr. G. Morel). 


When tested against excised tomato roots growing in either 2 or 3 per cent 


sucrose media PCPC had the following effects: — (1) main axis elonga- 
tion — no significant stimulation at concentrations down to 0.0002 mg./l. 


Inhibitory at 0.005 mg./l. or higher concentration. At concentrations from 
0.05 to 0.50 mg./l. the inocula (10 mm) approximately doubled their length 
and only occasional roots produced laterals (1—3 in number). At concentra- 
tions above 0.50 mg./l. an increasing number of inocula were completely 
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Table 3. Effects of 1-naphthoxyacetic (1-NOA) on the growth of excised tomato roots. 
Each treatment represented by 10 replicate cultures. 


, 7 Total length of 
Sucrese concentration [Concentration of Increase in main | Lateral laterals per root 
g./100 ml. 4 1-NOA mg./l | axis length (mm.) No. cant 
PR RE ES 
nil 63.8 28.1 121 
| 0.05 69.7 22.4 80 
0.10 64.0 21.0 88 
£ 0.20 59.1 13.0 LE 
0.50 29.0 — — 
| 1.0 16.4 — — 
| nil 45.8 13.8 63 
| 0.05 55.1 20.7 101 | 
5 | | 0.10 58.2 18.9 91 
| i 0.20 56.5 19.0 75 | 
| 0.50 39.6 3.5 8 
1.0 21.1 == _ | 


inhibited but remained white and floating. (2) lateral development — a pro- 
gressive decrease in lateral number occurred with increase in PCPC con- 
centration beginning at 0.005 mg./l. Mean lateral number was usually <1 in 
presence of 0.05 mg./l. Lateral elongation was retarded at concentration 
causing retardation of main axis elongation (i.e. at concentrations above 
0.005 mg./l.). 

PCPC was either without effect or inhibitory to excised tomato root growth. 
The sucrose concentration of the medium did not significantly alter the 
response to PCPC. A similar depression of main axis elongation is caused 
by 0.005 mg./l. PCPC or 0.2 mg./l. PCIB. The toxic effect of PCPC is there- 
fore manifested at a much lower concentration than that of PCIB and at no 
concentration did PCPC stimulate linear growth. 


Group II substances 
1-Naphthoxyacetic acid (1-NOA) 


Dr. B. Aberg (private communication, 1953) suggested from his unpublished 
results that 1-NOA might have a similar ’antiauxin’ action to NMSP. 

This substance has been tested for its effects on the growth of excised 
tomato roots over the concentration range 0.05 to 1.0 mg./l. In the con- 
centration range 0.05 to 0.2 mg./l. it was either without effect or at some 
point produced a slight stimulation of main axis elongation when tested 
against roots cultured in 2 per cent sucrose medium. When tested against 
roots cultured in 3 per cent sucrose medium it produced marked stimulation 
of main axis elongation within this concentration range (Table 3). Even 
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Figure 3. Effect of 1-naphthoxyacetic acid 
(1-NOA) on the survival of excised tomato 
roots in 3 per cent sucrose medium when 5 
repeatedly subcultured, at the end of each 
7-day passage, by excision of the main axis 

tip. Concentrations of 1-NOA as mg. per I. of 
culture medium. 


2 3 4 
PASSAGE NO 


at 0.05 mg./l. 1-NOA depressed the lateral number and total lateral length 
of roots in 2 per cent sucrose medium; this depression became progressively 
more marked with increase in the 1-NOA concentration. By contrast when 
roots were cultured in 3 per cent sucrose medium 1-NOA, at concentrations 
up to 0.2 mg./l., caused a marked improvement in lateral development. 
Further increase in 1-NOA concentration caused a similar suppression of 
lateral development to that noted in 2 per cent sucrose. In both culture media 
roots inhibited by high concentration of 1-NOA were thin, white and floating. 
The stimulation by 1-NOA of the growth of roots cultured in 3 per cent 
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Figure 5. Effect of 1-NOA on the mean values 
for number of laterals per root. (Legend other- 
wise as Figure 3). 
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sucrose and the shift in the response curve to higher concentrations of 
1-NOA resulting from increasing the sucrose content of the medium, clearly 
parallels the results previously obtained with NMSP (Street, 1954). 

1-NOA also markedly enhanced growth and survival of roots repeatedly 
subcultured in 3 per cent sucrose medium (Figures 3, 4, and 5). Additions 
of 0.1 and 0.2 mg./l. 1-NOA to 3 per cent sucrose medium gave a higher 
general level cf growth and better survival than had hitherto been obtained 
with NMSP. Though 0.05 and 0.1 mg./l. gave higher growth values in 
Passage 1 these concentrations were less effective than 0.2 mg./l. in main- 
taining growth (Figures 4 and 5) and survival (Figure 3). 1-NOA very 
effectively antagonised the decline and ultimate cessation of activity which 
otherwise occurs, particularly in 3 per cent sucrose medium, when excised 
root tip meristems are repeatedly subcultured. On the hypothesis previously 
advanced (Street, 1954) 1-NOA is to be regarded, like NMSP, as an antagonist 
of the root hormone which controls meristematic activity and which tends 
to accumulate to supra-optimal concentration during culture. 


2-Naphthoxyacetic acid (2-NOA) 


When tested against roots cultured in either 2 or 3 per cent sucrose 
medium, 2-NOA at concentrations of 0.001 or 0.01 mg./l. was without signi- 
ficant effect on root growth. Starting at 0.02 mg./l. it became progressively 
more inhibitory with increase in concentration (Table 4). There was no 
evidence of any stimulatory effect and roots treated with the higher con- 
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Table 4. Effects of 2-naphthoxyacetic acid (2-NOA) on the growth of excised tomato roots. 
Each treatment represented by 10 replicate cultures. 


Sucrose ; Increase in Total length | 
concentration RO main axis no of nen la Der Notes | 
g./100 ml. 5. length (mm.) root (mm.) 
nil 67.7 40.7 Si 
0.001 64.7 39.9 130 
0.01 64.4 40.0 148 
9 0.02 49.8 29.2 107 
0.05 30.9 5.7 25 
0.10 20.8 3.5 11 Mean! of 6 roots! 
0.20 14.7 2.0 7 Mean of 4 roots 
0.40 24.0 == = Value for 1 root! 
nil 47.1 15.6 58 
0.001 43.9 17.0 61 
0.01 44.5 18.1 70 
3 0.02 38.8 dies 46 
0.05 24.3 5.8 23 | 
0.10 13.0 2.8 6.8 Mean of 6 roots 
0.20 19.0 4.0 16 | Value for 1 root 
0.40 6.5 2.0 2.0 | Mean of 2 roots 


1 Replicates not included in the mean showed no growth and were brown and sunken. 


centrations were brown and sunken (contrast the effect of high concentra- 
tions of 1-NOA). Such roots resembled those inhibited by IAA. 2-NOA was 
quite different in its effects to 1-NOA, resembling in action IAA rather than 
NMSP. 


1-Naphthaleneacetic acid (1-NAA) 


1-NAA at concentrations of 10~!° g./ml. or lower is without effect on the 
growth of excised tomato roots cultured in standard medium. At higher 
concentrations it is inhibitory (Figure 6). In most tests 10—30 per cent of 
the roots are completely inhibited and sunken at 10° g./ml. and this is 
more marked at 2.5X 10° g./ml. At 5X10-% g./ml. almost all the roots are 
completely inhibited, brown and sunken. Increase in the sucrose concentra- 
tion from 2 to 3 per cent does not markedly affect the response to 1-NAA 
except that at the higher sucrose concentration significant inhibition usually 
occurs at 1071 g./ml. and the percentage inhibition is somewhat enhanced 
within the concentration range 2.5X 101% to 2.5X10-° g./ml. Results of a 
typical experiment are shown in Figure 6. In this figure increase in main 
axis length and lateral number for the i-NAA treatments are expressed as 
percentages of the control values and any roots completely inhibited at 
concentrations 10-9 g./ml. or above have been omitted in calculating the 
mean growth values for these concentrations. 
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3% SUCROSE 
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Figure 6. Effect of 1-naphthalene- 
acetic acid (1-NAA) on the growth 
of roots cultured for 7 days in 2 
and 3 per cent sucrose media. Mean 
values for increase in main axis 
length and for number of laterals 
per root are expressed as percent- 
ages of the mean values for the 
control roots. Concentrations of 
1-NAA as g. per ml. of culture 
medium. 
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Previous work (Street, 1954) had shown (i) that IAA has a deleterious 
effect on survival noticeable at concentrations which do not inhibit growth 
but more marked at inhibitory concentrations; (ii) that IAA at the threshold 
concentration for inhibition does not become inhibitory on repeated sub- 
culture and that at moderately inhibitory concentrations the inhibition does 
not become progressively more marked in successive passages. A similar 
experiment has now been undertaken on the effect of 1-NAA on the growth 
and survival of roots repeatedly subcultured in 2 per cent sucrose media. 
(Figure 7). 1-NAA has, like IAA, a deleterious effect on survival even at con- 
centrations which are not inhibitory to growth in the Ist tip passage. 1-NAA 
differs for IAA, however, in that concentrations (101% and 2X 1010 g./ml.) 
at the threshold of inhibition became inhibitory on repeated subculture. 
The onset of the depression of growth resulting from repeated subculture is 
accelerated in presence of these low 1-NAA concentrations. This progressively 
more marked growth depression is accompanied by an earlier onset of the 
fall in survival number and by the main axis of the roots thickening and 
becoming brown and brittle. These low concentrations of 1-NAA have there- 
fore a cumulative effect which simulates, in a way which does not occur 
with IAA, an acceleration of the ‘ageing’ which occurs during repeated sub- 
culture in standard medium. 


Evidence was presented (Street, 1954) to support the view that the effects 
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SURVIVAL NUMBERS INCREASE IN MAIN AXES TOTAL LENGTH OF LATERALS 
LENGTH (mm.) PER ROOT (mm.) 
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Figure 7. Effects of 1-NAA on the growth and survival of excised tomato roots in 2 per 
cent sucrose medium when repeatedly subcultured, at the end of each 7-day passage, by 
excision of the main axis tip. Concentrations of 1-NAA as g. per ml. of culture medium. 


of NMSP on root growth and survival could not be explained in terms of an 
NMSP-IAA interaction. When 1-NOA was tested in a similar manner there 
was again no evidence, even at high IAA concentration (10-8 g./ml.) of any 
significant 1-NOA-IAA interaction. In view of the simulation of ‘ageing’ by 
1-NAA and, in the hope of demonstrating the anti-auxin action of NMSP 
and 1-NOA, these substances have now been tested against roots inhibited 
by 1-NAA (Table 5). At appropriate concentrations both NMSP and 1-NOA 
cause a marked improvement in the growth of roots inhibited by 1-NAA. 
The results presented in Table 5 show that concentrations of 1-NOA which 
reduce growth alone are markedly stimulatory in presence of 1-NAA and 
that the most effective 1-NOA concentration is dependent upon the 1-NAA 
concentration. The antagonistic effect of both anti-auxins to 1-NAA inhibi- 
tion is reflected in both main axis and lateral growth. 

The facts that 1-NAA closely simulates the action of the hypothetical 
hormone postulated to control meristematic activity and that NMSP and 
1-NOA, both of which enhance growth and survival, are also effective 
antagonists of 1-NAA, suggests that, when examining excised roots for 
natural auxins, tests should be devised which will detect on the chromato- 
grams any naphthalene derivatives which may be present. 


H. E. STREET 


60 


UI 9SB9Jou] 


Sue, [eo] eee I 


sue] [eIoL Ul 2SP9IDUT 


y)3ua] [8)OI, 


UT 9SE9JDU]J 


66 VPI ver 67 £'6L GPS 8€ 6ST & GG VON-T'1/'8U 080 + 
£L 8'ca ra 88 19% L'LG 8L L'EG 859 vVON-TT Fwor0+ 
cy GTI 9'TS TOL 708 6 69 88 877 619 VON-L Zu O0 + | 
£G 8°6 808 88 & CG 874 861 OPE LGL 1013u07) 
E 7 a. = | 
VVN-I YYN-T ‘I 
u/3 5-07 + wnıpau paepurys or-0T X ¢ + umıp>u piepuv]s eae te TES 
9 ev 8'LG = er L'EG dSWN CLOS 
sI 6'L 688 € 1004 0'9€ ASKN 0°0+ 
69 L'98 667 Fe O'CT 79 |ASKN * ez0+ 
IF VSI 6°66 651 BFE & 09 onuo) | 
VYN-T Tw/B | 
6-01X S'&+ wnıpou paepurig nie se | 
(uw) 30041 ? Guru) 8u>]| (wu) 3004 : (wur) Suaj| (uur) 3001 | . (wur) yy$ua] LH 
aad nea ON sıxe ulew od syesa}e] Jo ON sıxe ureur |aad speaoje jo. oN | sıxe ulew PHP ls 
1E19}8"T teaoreT | 4 : VON-T JO ISWN 


*sain}[nd ayeorder OT Aq peayuasaidar juotuyeo1} OU (VON-L) PI9D IyammÄxoyjydou-f 0} pur (ASWN) pion 21u0idoad-(apiydjns 
-fyieurnfyrydou-j)-0 07 sj00.1 ojuro} P3s1923 fo asuodsaı ay} uo (YYN-I) PD 91ja9nauajpyyydou-J fig uomgıyuı fo 799//7 ‘e ajqeL 


MERISTEMATIC ACTIVITY IN EXCISED ROOTS VI 61 


Summary 


1. When tested over a wide range of concentrations 2,3,5-tri-iodobenzoic 
acid (TIBA), a-(parachlorophenoxy) -isobutyric acid (PCIB), phenoxy-cyclo- 
propane carboxylic acid (PCPC) and 2-naphthoxyacetic acid (2-NOA) did 
not exert effects on excised tomato root growth similar to those obtained with 
a-(1-naphthylmethylsulphide)-propionic acid (NMSP). 

TIBA and 2-NOA resembled in action ß-indolylacetic acid (IAA) rather 
than NMSP. 

PCIB stimulated main axis elongation in 2 per cent sucrose medium, but 
no similar effect was observed at higher sucrose concentration. The con- 
centration at which main axis growth was inhibited by PCIB was unaffected 
by the sucrose concentration; even at inhibitory concentrations it did not 
significantly affect the survival of roots subcultured in 3 per cent sucrose 
medium. Sensitivity to PCIB appeared to decrease with time. No growth 
stimulation was obtained with PCPC and it was much more toxic than PCIB. 

2. 1-naphthoxyacetic acid (1-NOA) stimulated the growth of roots cul- 
tured in 3 per cent sucrose medium. There was a shift in the response curve 
to higher concentrations of 1-NOA resulting from increasing the sucrose 
concentration of the medium. 1-NOA markedly enhanced survival of roots 
repeatedly subcultured. It had similar effects on growth, root morphology 
and survival to NMSP. 

3. 1-naphthaleneacetic acid (1-NAA) inhibited excised root growth and, 
like IAA, had a deleterious effect upon survival. Low concentrations of 1-NAA 
applied to roots repeatedly subcultured in 2 per cent sucrose medium caused 
an acceleration of ’ageing’. Concentrations, initially without effect on growth, 
not only depressed survival but became progressively more inhibitory during 
repeated subculture. By contrast IAA does not show a similar cumulative 
effect at low concentrations. 

NMSP and 1-NOA did not show .any significant interaction with [AA but 
both exhibited a strong anti-auxin effect when tested against roots inhibited 
by 1-NAA. 
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1. Introduction 


It was reported by Hattori and Kurihara (1) that the glycoside aucubin 
is the sole substance responsible for the blackening of the leaves, fruits and 
other parts of Aucuba japonica Thunberg, when they are injured, heated to 
about 60°, or fallen into necrobiosis. The process involved in the blackening 
of this plant is necessarily preceded by hydrolysis of aucubin by a ß-gluco- 
sidase also present in the tissues, because aucubin itself is a very stable 
substance and possesses no free hydroxyl group. The aglycone, aucubigenin, 
which then becomes free, changes spontaneously and readily into a black 
substance by oxidation in the air. No oxidase was found in the leaves of 
this plant. 

Now we wish to report another case of blackening of plant tissue brought 
about by the interaction of dopa (3,4-dihydroxyphenylalanine) and its oxidase. 
This plant is Stizolobium Hassjoo Piper et Tracy, a twining annual plant 
belonging to the family Fabaceae (Leguminosae). As is well known, dopa 
was first discovered by T. Torquati (2) in 1913 as an unidentified substance 
in the seeds of Vieia Faba L. and a little later M. Guggenheim (3) identi- 
fied it with dopa which had been synthesized by C. Funk (4). In 1920, 


1 The title was changed so as to fit to the present and future direction of the studies. 


2 Née Michi Kurihara. 
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E. R. Miller (5) also isolated this amino acid from the seeds of a variety of 
velvet bean (Stizolobium Deeringianum Bort) and observed positive color 
reactions for dopa in other twenty six varieties of velvet bean, Yokohama 
bean (Stizolobium Hassjoo), and Lyon bean (Stizolobium niveum (Roxburgh) 
Kuntze). 

We have been able to prove the presence of dopa, accompanied by several 
amino acids, in the leaves of Stizolobium Hassjoo by paper partition chro- 
matography. When the leaves, stem, and root of this plant are injured, the 
color of the injured part immediately begins to change into brown and 
ultimately becomes black. Death-ring is also very easily formed on leaves. 
These color changes are accounted for by the oxidation of dopa by a poly- 
phenoloxidase, which is also present in the leaves etc. It is also very interest- 
ing that the color change is more remarkable in younger leaves than in adult 
ones, and this is due to the fact that a greater amount of ascorbic acid is 
contained in the adult leaves than in the younger ones, because ascorbic 
acid prevents further oxidation of dopa beyond its quinone presumably by 
hydrating this back to the hydroxy compound. 


2. Proof of the presence of dopa 


Fresh leaves of the plant collected in September last year were crushed 
in a blendor with much cold ethanol, a procedure which prevents oxidation 
of dopa by an oxidase. Then the green mixture was filtered and the residue 
was several times extracted with cold ethanol to remove the last trace of 
dopa, the presence of which in the extract was easily detected by ferric 
chloride or potassium ferricyanide (pH 8.0 with phosphate buffer). The 
former reagent gives a green and the latter a red color. When no color was 
given with these reagents, the filtered leaf powder was dried in a vacuum 
desiccator, and the ethanolic extracts were condensed by distillation under 
diminished pressure on a water-bath. When the residue of the ethanolic 
extract, after dilution with water, was mixed with this leaf powder, it soon 
changed its color into dark brown. In this connection, it is to point out that 
the powder of younger leaves is more susceptible to darkening than that of 
adult leaves. This fact may depend upon the difference in the content of 
ascorbic acid, as shown later. 

The ethanolic extract each of younger, pale green and adult, green leaves 
was paper-chromatographed. The solvent system chiefly used was 80 per 
cent phenol; butanol-acetic acid-water (4 : 1 :1) was also used. 

When developed with ethanolic ferric chloride, potassium ferricyanide 
(pH 8.0), or ninhydrin, respectively, a spot, green, red, or violet in color, 
respectively, was detected at R; 0.34 (Figure 1) (80 per cent phenol as solvent), 
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Figure 1. Chromatograms of leaf extracts. I. Con- 
trols. P phenylalanine, M methionine, B-A ß-ala- 
nine, T tyrosine, A alanine, Asn asparagin, D 
dopa, Gl glutamic acid, As aspartic acid. II. Wa- 
tery exudate from the cut surface of youngest 
stem tip. III Younger, pale green leaves. IV Adult, 
green leaves. V Light brown, dying leaves on the 
lower portion of the stem. VI concentrated leaf 
extract after submitting to the action of leaf 
‘dopa oxidase’. The disappearance of all amino 
acids except one, which is to be regarded as 
aspartic acid, is very noteworthy. Details will be 
reported later. 


NVigVieVi gla lily WV. 


which is much the same as that of authentic dopa. The presence of dopa 
in the leaves of various ages has been thus established. On examining the 
extract of light yellowish brown, dying leaves on the lowest portion of the 
stem, dopa was not found, but only a spot, which reacted with ninhydrin 
to give a violet color, was found at R; 0.26 (80 per cent phenol as solvent). 
This spot has not, however, yet been characterized, but perhaps it may be 
glutamic acid, although the R;-value is a little larger. 

We have encountered an interesting fact, when we cut the very tip of the 
stem. There appeared a colorless watery drop on the cut surface. When 
smeared on a slide glass, this drop was dry after a few minutes, and white 
crystals separated, which showed characieristic forms under microscope. 
The crystals were dissolved in a small amount of water and paper-chromato- 
graphed as usual, when a spot corresponding to dopa was obtained al 
R; 0.34. Other amino acids, which are usually found in plant extracts, could 
not at all observed (Figure 1). As is also to be seen from Figure 1, the pale 
green, younger leaves contain besides dopa and asparagin three amino acids, 
i.e. tyrosine, glutamic and aspartic acid, and the green, adult leaves methio- 
nine, tyrosine, glutamic and aspartic acid, and two unidentified amino acids 


except dopa. 


3. Preparation and properties of oxidizing enzyme 


The leaf powder, obtained by homogenizing 1 kg. fresh leaves in cold 
ethanol in a yield of 17.5 per cent, was extracted with a little more than 


5 


66 SHIZUO HATTORI AND MICHI SHIROYA 


Table 1. Optimal pH for the oxidizing enzyme. 


oo a _ — 

pH | 3 | 4 | 5 | 6 | 68 | 
NE BP, ek ee u 
| Oxidation grade ...... | 30 | 52 | 80 | 96 | 100 | 


1 1. cold water for 48 hours and squeezed through lint, followed by filtering 
with filter paper. There was obtained about 1 1. extract. Then 5 I. acetone 
were added to it and the white precipitate of the oxidizing enzyme was 
collected; yield about 3 g. This enzyme preparation was further purified 
by precipitating from its aqueous solution by adding acetone. 

When a solution of 0.2 g. of the enzyme in 25 ml. water was mixed with 
an aqueous extract of the leaves of Stizolobium, a pronounced color change 
occurred after 10 minutes. After 24 hours, the black liquid was paper- 
chromatographed to see if any dopa is left intact. The result is, as shown in 
Figure 1, that all of dopa was entirely oxidized to form black substance. It 
is thus obvious that an oxidase capable of oxidizing: dopa is present in the 
enzyme preparation. 

The optimal pH for the oxidation of dopa by this oxidase was obtained 
by subjecting dopa (M/1000, in MclIlvaine’s buffer solution of pH 6.8) to the 
action of 1 per cent enzyme solution at 38° for 24 hours. The color produced 
was electrophotometrically estimated. As is shown in Table 1, the strongest 
oxidation took place at pH 6.8. At pH higher than 7, spontaneous oxidation 
of dopa readily took place. 

Oxidizability of various phenolic compounds by this oxidase was tested 
by subjecting their M/1000 solutions (pH 6.8 with Mcllvaine’s buffer solu- 
tion) to reaction for 24 hours at room temperature. The results are sum- 
marized in Table 2 as compared with the behaviors of tyrosinase and laccase 
hitherto known. 

It is very interesting that Stizolobium oxidase oxidizes dopa, but does not 
attack tyrosine. In this respect, this oxidase resembles laccase, but does 
oxidize p-cresol. These findings seem to show that our Stizolobium oxidase 
is different from both of so-called tyrosinase and laccase and may represent 
an independent oxidase ‘dopa oxidase’. 

Inhibitory effects of various substances, known as inhibitors of oxidases, 
were tested in mixtures of 2 ml. Mellvaine’s buffer solution, 1 ml. substrate 
solution (107? Mf), 1 ml. inhibitor (10-3 ~ 10-2 M) and 1 ml. enzyme solution 
(0.8 per cent) at 25° for 24 hours. As the substrates, tyrosine, dopa, and 
pyrogallol, and as the inhibitors, CO, 8-hydroxyquinoline, benzoin oxime, 
KCN, KONS, thiourea, phenyl thiourea, p-aminobenzoic acid, sulfathiazole, 
sodium diethyldithiocarbamate, and p-nitrophenol were used. Complete in- 
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hibition was observed in every case except p-nitrophenol. Among these in- 
hibitors, p-nitrophenol is noteworthy in that it inhibits oxidation of tyrosine 
by tyrosinase of potato, while the oxidation of dopa by potato tyrosinase 
was not affected by p-nitrophenol, but that of tyrosine considerably inhibited. 


4. Influence of ascorbic acid upon the oxidation 


As mentioned above, it was observed that there exists a considerable dif- 
ference in the grade or velocity of oxidation between younger, pale green 
laves and adult green leaves. The question, what is responsible for this fact, 
seems to be of no little interest. As a first step of access to the problem, we 
examined the activities of the enzyme preparations of younger, pale green 
leaves and adult, green leaves. Five g. each of enzyme preparations were 
extracted with 60 ml. water at pH 6.8 for 48 hours at room temperature. 

Two ml. each of these enzyme solutions were mixed with 1 ml. of aqueous 
dopa solution and 1 ml. Mellvaine’s buffer solution, and the color brought 
about by oxidation was electrophotometrically estimated. There was, how- 
ever, no difference observed between the two. Even by experimenting with 
other concentrations of dopa no difference was observed. 

Since there is no possibility left for either dopa or its oxidase, or for both, 
to be the cause of the above difference, we then thought of possible par- 
ticipation of ascorbic acid in this matter. Dopa may be dehydrated at the 
initial stage of oxidation by its oxidase giving rise to an orthoquinone, and 
this in turn may be re-hydrated by the reduced form of ascorbic acid, or 
otherwise ascorbic acid may inhibit further oxidation of dopa quinone. Any 
way ascorbic acid may play thus an important role in the present problem. 
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Table 3. Influence of ascorbic acid upon the oxidation of dopa by means of oxidase. 


Expt. Dopa Oxidase | Ascorbic acid | Colour strength | Ö,-uptake (yl.) 
A eee 1 mg. 1 ml. 0 73 20 
Bas 1 > fo 0.264 mg. 59 60 
Ges 1 » jh € 0.528 » 32 92 
Diane je 0 » | 0 — 0 


37°, 140 min. Buffered with Mellvaine’s solution of pH 6.8. 


Five g. each of younger, pale green and adult, green leaves weré minced 
with 20 ml. of 6 per cent trichloroacetic acid plus some fine quartz sand. 
The brei was filled up with water to 35 ml. and 1 ml. out of it was taken for the 
estimation of reduced form of ascorbic acid by the method of Folin, with 
the result that younger, pale green leaves contain only 27 mg. of it per 100 g. 
fresh weight, while adult, green leaves contain 60 mg. per 100 g. fresh weight. 

So as to see whether or not oxygen uptake will take place, when ascorbic 
acid added to a mixture of dopa and oxidase, we made following manometric 
experiments (Table 3). 

It is thus evident that the higher the ascorbic acid concentration is, the 
less is the oxidation due to oxidase. At the same time, however, the uptake 
of oxygen took place, and the quantity of oxygen absorbed is roughly 
directly proportional to the quantity of ascorbic acid added, a remarkable 
fact, which might show the probable reduction of dopa quinone which is 
formed by the oxidation of dopa. This oxidation and reduction might 
continue as long as ascorbic acid is available; hence the more ascorbic acid 
is added, the greater is the oxygen uptake and the less is the color strength. 
Since there is no serious difference between the concentration and oxidative 
activity of dopa oxidase in the leaves due to their age, it must be concluded 
that the quantity of the reduced form of ascorbic acid is the determinative 
factor for the oxidation of dopa in the leaves of Stizolobium Hassjoo. 


5. Discussion 


Dopa is hitherto known to be present only in plants of two genera of 
Fabaceae. Those are Vicia and Stizolobium (Mucuna). Of the former genus 
only one well-known species Vicia Faba contains dopa, but of the latter 
genus there have been recorded several species to contain it. As we have 
found, the cut surface of the youngest part of the stem excretes transparent 
watery sap which contains dopa as the sole amino acid or easily oxidizable 
polyphenolic compound. Dopa is readily oxidized in alkaline solution by 
atmospheric oxygen, but though somewhat stable in acidic medium, it under- 
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goes oxidation by an oxidase present in the same plant. This enzyme does 
not oxidize tyrosine, but on the contrary, tyrosinase of potato tubers oxidizes 
dopa. Hence this oxidase is to be considered as an example of so-called 
dopa oxidase; as ordinary tyrosinase prepared from potato has been said to 
oxidize dopa besides tyrosine, tyrosinase is either contaminated with dopa 
oxidase and difficultly separable from this, or tyrosinase is capable of 
oxidizing tyrosine as well as dopa. At present we do not aim at discussing 
the individuality of our ‘dopa oxidase’ or its relationship with tyrosinase, 
though the problem seems very attractive, but we shall return to this subject 
at another opportunity. 

The fact, that the oxidation by dopa oxidase of dopa to colored substance 
or substances is inhibited or retarded by the addition of ascorbic acid and 
that ascorbic acid is found in a considerable amount in the leaves may 
suggest the possible participation of these three agents in the oxidation- 
reduction relation in Stizolobium plant. 

That dopa is widely distributed in Stizolobium plant and seems to be 
accompanied by a considerably small amount of tyrosine, is also noteworthy. 
From what substance dopa is formed in this plant, is an interesting problem 
to be solved. Dopa is usually said to be produced by oxidation from tyrosine 
in vivo (6). According to the unpublished data of A. Komamine and one of 
us (S. H.), which have been obtained by experiments with etiolated seedlings 
of Stizolobium Hassjoo dopa seems to be derived from tyrosine. 


6. Summary 


1. It was proved that dopa is present in the leaves and young stem of 
Stizolobium Hassjoo as a substance most probably responsible for the 
blackening of the organs taking place on decaying or by injury. 

2. Oxidation of dopa to black substance in Stizolobium plant is provoked 
by an oxidase, which does not oxidize tyrosine. 

3. This oxidation of dopa to black substance, is inhibited or retarded 
by adding the reduced form of ascorbie acid, but exactly speaking, this 
inhibition may consist in either re-hydration of dopa quinone or in pre- 
venting further oxidation of this dopa quinone. 

4. Younger, pale green leaves contain less ascorbic acid than adult, green 
ones, and the blackening reaction is more rapid and stronger on the former 
than on the latter. This may be ascribed to the difference in the contents 
of ascorbic acid (reduced form). 

5. When the tip of the stem is cut, a drop of watery exudate appears on 
the cut surface. When dried, white crystals were formed and identified with 


dopa. 
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6. After oxidizing by oxidase the aqueous extract of the leaf powder, 
which was prepared by mincing fresh leaves with cold ethanol, dopa dis- 


appeared completely. 
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Effects of Some Antiseptics on the Growth of Chlorella 
By 
NGANSHOU WAI 


Laboratory of Applied Microbiology The National Taiwan University, 


Taipei, Formosa 
(Received September 3, 1954) 


In the practical mass culture of Chlorella one of the troubles encountered 
is contamination by other microorganisms in the culture solution. With the 
object of finding an efficient antiseptic and also a growth accelerating sub- 
stance for the cultivation of Chlorella, more than 300 experiments were 
made in The National Taiwan University, Taipei, Formosa, Free China. 
These experiments covered one whole year from August 1953. The following 
brief notes may summarize the results. 


Equipment and Methods 


A 20-liter glass bell jar was inverted and set on a wooden frame to be used 
as the culture apparatus. The light source consisted of 2 fluorescent tube- 
lamps of 40 watts and 2 incandescent lamps of 100 watts, which were placed 
2 and 8 inches distant respectively from the lateral surface of the jar. A drain 
tube was fitted at the jar bottom. A tube for aeration was inserted from 
above and compressed air from a motor driven pump was blown into the 
culture solution. An automatically recording gasometer was connected to 
measure the volume of air passed through. 

The period of aeration and lighting was nine hours a day. The volume of 
air passed (we used only air without additional CO,) was 40 liters per hour 
for the 20 liters of culture solution. The seed cells were taken from a pure 
culture in test tubes. The basal culture solution consisted of KNO, 1.5 gr. 
MgSO,7H,0 1.5 gr. KH,PO, 1.2 gr. and minor elements solution (to let the 
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basal culture solution contain in p.p.m.: Ca 30, B 20, Zn 20, Fe 10 and Mn, 
Mo, Cu 4, Co 1) tap water 1 liter. The initial pH was 5.5. 

Other kinds of culturing apparatus were also used. There were porcelain 
and aluminum dishes of 12” 8” X2” in size. Each dish contained 2 liters 
of solution, lighted by one incandescent lamp of 100 watts which was placed 
4 inches above the surface of the solution, The dish was also aerated at the 
same rate as the bell jar by passing air only. Two bell jars, 4 porcelain dishes 
and 10 aluminum dishes were operated continuously. After culturing for 
5 days the cells were harvested by centrifuging, washing and drying. Also 
the average cell concentration per ml. was counted daily on the haemacyto- 
meter. During the culturing period, the pH of the solution was regulated to 
6 by the addition of dilute sulfuric acid. Culturing temperature varied from 
20.010 2820. 

Species of Chlorella used 


Chlorella pyrenoidosa, C. ellipsoidea and €. vulgaris were used separately. 
C. vulgaris (Pringsheim strain) always gave the best results. 


Growth accelerating factor 


The above-mentioned conditions are so pocr for the growth of Chlorella 
that we consider it necessary to add some growth accelerating factors. While 
growth accelerators may not be needed under optimum conditions, their 
use as an emergency measure during poor weather or breakdown of the 
CO, supply, for instance, may be of appreciable supplementary importance 
in the operation of large-scale cultures. Although chelating agents have 
been reported to be useful for the acceleration of growth, various natural 
substances were tested in our experiments. At last we found that an extract 
of banana (Musa sapientum) gave the best results. The phenomenon that 
banana extract can promote the growth of Chlorella is surely not due to 
invert sugar alone. It may be that a certain growth factor is present in 
banana. By our long experience we know that banana extract is a good 
growth accelerating substance for Torula (we have studied for nine years 
the culture conditions of several species of Torula isolated from flower 
nectars). Thus with the addition of banana extract (10 grams of ripened 
banana meat in 100 ml. boiling water) 0.1 % of the basal culture solution, 
Chlorella vulgaris grows and vegetates very well under the normal aeration 
and lighting. After 5 days the net crop of cells (dry weight basis) per 20 liters 
amounted to 20 grams. The result is fairly good. As bananas are cheap and 
easily obtained in Formosa, the idea of the addition of banana extract to 


the basal culture solution may be of some economical importance to the mass 
culture of Chlorella. 
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Effects of antiseptics 


In the practical mass culture of Chlorella the contamination by other 
microorganisms may cause a decrease of the crop. The contamination of 
animal origin is commonly attributed to Paramecium, Vorticella and mos- 
quito pupae. Of plant origin, the contamination of Bacillus subtilis cannot 
be overlooked. Various antiseptics were added to the culture solution and 
tested for the prevention of contamination. The water extract of natural 
spices, such as white pepper, red pepper, ginger, onion, garlic and cloves 
were added separately to the culture solution in concentrations of 0.01 °/o— 
0.1 °/o of the material and found to be weakly active or entirely inefficient. 
Also, formaldehyde, phenol, ß-naphthol, salicylic acid, sodiumsilicofluoride, 
acetic acid, ethyl alcohol, methyl alcohol, lemon-grass oil, Eucalyptus oil, 
and camphor were tested in different concentrations. Among these B-naph- 
thol and salicylic acid were quite efficient. If the culture solution contained 
about 0.02 °/o B-naphthol or salicylic acid, Chlorella vulgaris grew well, while 
other organisms were greatly suppressed. The stock culture of Chlorella 
vulgaris in test tubes may be repeatedly transferred and cultured in banana 
extract-basal culture solution-agar containing an adequate quantity of 
B-naphthol or salicylic acid, so that the resistance can be gradually raised 
until the seed culture can tolerate 0.05 °/o of these antiseptics. It is interesting 
to note that only Chlorella vulgaris manifested the resistence while Chlorella 
ellipsoidea and Chlorella pyrenoidosa never did so. Whether the resistance 
against the antiseptics arises from a mutation or not is yet uncertain. 

In conclusion the above enumerated notes that banana extract can be 
used as the growth accelerating factor and ß-naphthol or salicylic acid can 
be used to prevent contamination may contribute some ideas to the future 
success of Mass culture of Chlorella in Formosa. 
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The synthesis of branched polyglucosides in the blue-green alga, Oscilla- 
toria princeps has been shown to be the result of a branching enzyme (8, 9, 
10, 11). The function of this enzyme is the establishment of a-1:6 glucosidic 
linkages between residues. This is in contrast to phosphorylase which forms 
separate and distinct actions to this enzyme (17): the scission of an a-1:4 
linkages. From preliminary studies (7, 10, 11), it would appear that the mode 
of action of the branching enzyme of Oscillatoria is similar to that of iso- 
phosphorylase (1, 2, 3). 

Q-enzyme, the branching enzyme of potatoes, has been studied in some 
detail (15, 17). Peat et al are of the opinion that two possible mechanisms 
exist for the branching action of this enzyme. Both mechanisms relegate two 
separate and distinct actions to this enzyme (17); the scission of an a-1:4 
linkage of a linear dextrin and the subsequent establishment of an a-1:6 
linkage between the two split chain fragments. The original size of the linear 
dextrin for detectable Q-enzyme activity is claimed to be a minimum of 
28 residues (17), and for rapid activity, 42 to 116 residues (15). 

3oth mechanisms make no mention of the need for glucose-1-phosphate 
as part of the substrates. It is the purpose of this paper to elucidate the action 
of the branching enzyme from Oscillatoria, and to offer a different mecha- 
nism for branching of linear dextrins by this enzyme. 
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Experimental 


1. Preparation of Enzymes. 


The preparation of branching enzyme was from the precipitate obtained with 0.8 
saturated ammonium sulfate, as described (11). This precipitate was dissolved in 
0.1 saturated ammonium sulfate and treated with solid ammonium sulfate until 
a concentration of 0.35 saturated was attained. The pH was adjusted to 6.5 with 
0.1 N hydrochloric acid. The resulting precipitate was mainly branching enzyme. 
After 4 reprecipitations from 0.1 saturated ammonium sulfate, the material was free 
of phosphorylase activity. The precipitate was dissolved in sodium bicarbonate- 
manganese sulfate buffer (7) at a pH of 7.2. About 100 mg. of wet precipitate were 
dissolved in 20 ml. of buffer. Two ml. of this solution were used per 30 ml. of 
reaction mixture. 

a-amylase was prepared from human saliva according to the variation of the 
method of Meyer et al, introduced by Whelan (22). Glucamylase was prepared 
by the method of Phillips and Caldwell (18). Amylo-1:6-glucosidase was pre- 
pared after Cori and Larner (5). 


2. Preparation of Substrates 


The maltodextrins were prepared from the acid hydrolysate of amylose after 
fractionation on charcoal-Celite according to the method of Whelan et al. (21). The 
maltodextrins isolated were maltose, maltotriose, maltotetraose, maltopentaose, 
maltohexaose, and maltoheptaose (See Table 1). They were used in final concentra- 
tions of 0.1 Molar in the completed reaction mixture. 

The dipotassium salt of glucose-1-phosphate (Schwarz Laboratories, N.Y.C.) was 
used in a final concentration of 0.05 Molar. 

The reaction mixture for branching enzyme action was the same as previously 
described (7). The pH of the final incubation mixture with all components was 
adjusted to 7.2 (12). All incubation vessels were kept at 32° Centigrade. 

a-amylase, glucamylase, and amylo-1:6-glucosidase were incubated with the mate- 
rial as described (22, 18, 5). 


Table 1. R, values of maltodextrins obtained by fractionation on charcoal-celite of products 
of amylose hydrolysis. (Phenol-water). 


5 R, value 
Maltodextrin | s 
| Exptl. Literature! 
Glucose nahen: 0.40 0.39 
MAITOSC ter: 0.37 0.36 
Maltotriose ...... 0.31 0.305 | 
| Maltotetraose ... 0.265 0.25 
Maltopentaose ... 0.22 0.20 
Maltohexaose ... 0.19 0.18 
| Maltoheptaose ... 0.14 0.135 


1 After Whelan (21). 
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3. Methods of Operation 


Identical 50 ml. flasks were set up containing reaction mixture, branching enzyme, 
a maltodextrin (from maltotriose through maltoheptaose), and dipotassium hexose 
monophosphate. 

Samples were withdrawn every ten minutes and phosphorus was determined by 
the Fiske-Subarrow Method (6) with a Coleman senior model spectrophotometer. 

The digests remaining after the action of branching enzyme had ceased, were 
heated to boiling for 2 minutes. The remaining glucose-1-phosphate was precipitated 
with Bat*+ and the filtrate was divided into two approximately equal portions (about 
10 ml.). One portion was incubated with a-salivary amylase, and the other portion 
with glucamylase. At the end of 24 hours, both digests were heated to oiling for 
2 minutes, filtered, and 0.05 ml. portions withdrawn for paper chromatography. 
The remaining digests were then incubated with amylo-1:6-glucosidase for 6 hours 
at 35° C. At the end of this period, all digests were heated to boiling, filtered, and 
chromatographed. 

Paper chromatography was carried out at 23° C, using Whatman No. 1 filter 
paper. Phenol-water was used for developing the chromatograms. At the end of 
12 hours, the sugar zones were located by spraying with a mixture of 500 mg: 
benzidine, 10 ml. glacial acetic acid, 10 ml. 40 per cent trichloracetic acid and 80 ml. 
of absolute ethyl alcohol. 

Controls were set up containing reaction mixture, maltoheptaose, branching 
enzyme and no glucose-1-phosphate. Other controls were identical except that glucose- 
1-phosphate was included and the maltodextrin excluded. The pH and temperature 
of incubation were the same as for the experimentals. 


Results 


The maltodextrins, maltohexaose and maltoheptaose were branched by the 
branching enzyme of Oscillatoria in the presence of glucose-1-phosphate 
(Curves I and II, Figure 1). 

There was no detectable activity of branching enzyme in the absence of 
phosphorylated glucose (Curve III, Figure 1). 
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There was no detectable activity with maltodextrins of shorter chain 
length than maltohexaose (See Curves V—VII, Figure 1). 

The activity of branching enzyme in the presence of maltohexaose and 
maltoheptaose was about the same (cf. Curves I and II, Figure 1). 

Branched dextrins were formed from these two maltodextrins as revealed 
by the enzyme degradation and paper chromatography studies in Tables 
4 and 5. 


Discussion 


The branching enzyme of Oscillatoria princeps causes the synthesis of 
branched dextrins from the maltodextrins, maltohexaose and maltoheptaose, 
in the presence of glucose-1-phosphate. Actually, two substrates are involved 
in the reaction: glucose-1-phosphate, and a maltodextrin of the minimum 
chain length of maltohexaose. Previous mechanisms postulated for the action 
of the branching enzyme of potatoes, or Q-enzyme, make it necessary for 
that enzyme to act in two distinct and separate ways. These mechanisms are 
dependent upon the Q-enzyme splitting an a-1:4 glucosidic link in a linear 
dextrin, with the subsequent establishment of the split fragment in an a-1:6 
position (17). This type of mechanism necessitates at least two active sites 
on the enzyme molecule. No need for glucose-1-phosphate is indicated as 
an associate substrate for Q-enzyme action (15, 17). 

The mechanism offerred in this paper would limit the branching enzyme 
of Oscillatoria to a single specific action, the establishment of a-1:6 linkages, 
and hence, necessitates but one active site on the enzyme molecule. The 
action of the branching enzyme then would be, the apposition of a glucose 
residue from the more highly energized phosphorylated ester in an a-1:6 
position to one of the glucose residues in the maltodetxrin. 

It will be noted (cf. Figure 1), that maltodextrins of shorter chain lengths 
than maltohexaose are not utilized by the branching enzyme of Oscillatoria 
princeps for an associate substrate, and hence, no branching occurs. In 
other words, the smallest unit for detectable branching enzyme action 
appears to be a six residue a-1:4 configuration. This is in contrast to the 
reported sizes necessary for linear dextrins in the case of Q-enzyme (15, TE 

The actual point of branching, or position of the a-1:6 linkage, was 
elucidated by the enzyme degradation studies described (see Tables 2 and 3). 

Table 4 shows the results of successive action of a-amylase followed by 
amyloglucosidase, and glucamylase (a type of maltase) followed by amylo- 
glucosidase on the digest remaining after the action of branching enzyme of 
Oseillatoria on maltohexaose. The chromatograms revealed that malto- 
hexaose and an unidentified product with a lower R; value were present in 
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Table 2. Degradation studies of branched dextrin formed from maltohexaose by branching 
enzyme of Oscillatoria. 


7 


Final products detectable after: _ 
| Possible positions of « 1:6 linkages a-amylase + glucamylase + 
glucosidase glucosidase 
Wea ve \) VA \y ee Sı V4 N, "ale maltose | 
(RER VER PK Zi 2 = | maltotriose glucose 
| (no branching) | 
wos 
Le. glucose glucose 
IL € (1)! maltose maltohexaose 
Q DL K_ete | 
as 
AE glucose glucose 
| = (2)! maltotriose maltopentaose 
Rauch Dhak sete 
ai = glucose glucose 
| ir (3), maltose maltotetraose 
re v wert! Sy Cr | maltotetraose 
Ne glucose glucose 
| (4), maltose maltotriose 
ic B a > Kur K ete. maltotriose 
ZS 
IT N—/ (5) glucose glucose 
* ae a ie bene _ \/| maltotriose maltose 
| 17 I Pen |Z | 
DEN aes. PAR pal a etc. 
ER 
I 
:.\| glucose 
| (6) | 1 
7 À | maltose glucose 
PA K Alle’ 


this digest prior to amylase action (see Columns 1 and 2 of Table 4). It will 
be noted that not all the maltohexaose had reacted. Some of the maltodextrin — 
had reacted to yield a heavier molecule (as revealed by the lower R; value). 

After a-amylase had acted on this digest, three sugar spots were obtained, 
of which two proved to be maltose and mallotriose, and the third of which 
had an R; of 0.24 (see Table 4). (Maltose and mallotriose can result as end- 
products of amylase action on maltohexaose (22, 23). Since there was some 
unreacted maltohexaose left in the mixture, this study did not in itself, reveal 
information as to the position of the branching, After treatment with amylo- 
glucosidase, a new spol appeared on the chromatogram, which was identified 
as glucose (see Tables 1 and 4). Since amylo-1:6-glucosidase is specific for 
terminal u-1:6 linkages (5), it can be assumed that there existed a glucose 
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Table 3. Degradation studies of branched dextrin formed from maltoheptaose by branching 
enzyme of Oscillatoria. 


RER ERBE LE EEE 


NS Final products detectable after: 
ossible positions of « 1:6 linkages a-amylase + glucamylase + | 
FERNEN HZ ae ee — p= 
sn. co K a: K #- K > K > K > maltose 
(no branching) maltotriose glucose 
mors | 
| | 
aod glucose glucose | 
eo Bi (1) maltose maltoheptaose | 
ee ete maltotriose | 
ie | 
Ba ’ glucose glucose 
4 = fas (2) maltose maltohexaose 
<> K' >! K _ ete. maltotriose 
N 
5 Key En glucose glucose | 
= = Le = (3 maltotriose | maltopentaose 
D DRE KO) KC: ete maltotetraose | 
K > 
mn 4 (4) glucose glucose 
= 4 maltose maltotetraose 
» K > 4 > K > ic > maltotriose 
PTS 
N/A > glucose glucose 
53 #2 = (5) maltotriose | maltotriose 
=; Kl D: a > K > maltotetraose | 
aa | | 
7 glucose | glucose 
4 ws fe (6) | maltose | maltose 
> K Di K > | maltotriose 
EN | 
Noe glucose glucose 
(7) | maltose | 
iss KUN, maltotriose 
NZ | 


residue in this position somewhere in the molecule of the 


hexaose (21). 


reacted malto- 


It will be noted, that the sugar spots with Rı's of 0.15 and 0.24 were no 


longer present in the chromatograms after glucosidase action. Hence, these 
spots must have been due to branched dextrins. 

From this segment of the degradation studies, it can be assumed that 
branching occurred somewhere within the molecule other than off the third 
or fourth residues. If it occurred on either of these residues, maltotetraose 
would have been isolated from the digest after the action of a-amylase 
followed by amyloglucosidase (23) (see Table 2). 
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Table 4. Summary of results of enzyme degradation studies on the branched dextrin formed 
from maltohexaose. R, values after chromatography in phenol-water. 


So 


Maltohexaose 


After B.E. 
action 


After 
a-amylase 


After gluco- 
sidase 


After gluc- 
amylase 


After gluco- 


sidase 


0.19 0.15 0.24 0.31 0.28 0.37 
0.19 0.31 0.37 0.40 0.40 
0.37 0.40 


The studies shown in Table 4 with glucamylase followed by amylo- 
glucosidase, permit the exact localization of branching in the molecule. It 
will be seen that the final products as determined by paper chromatography 
(last two columns of Table 4), were glucose and maltose. If branching 
occurred on any residue other than the fifth in maltohexaose, higher malto- 
dextrins would have been isolated from the final digest (see Table 2). 

The same analysis when applied to the digest from maltoheptaose, revealed 
branching off the fifth residue in this dextrin also (see Tables 3 and 5). 

Hence, the branched dextrins formed by the branching enzyme of Oscil- 
latoria princeps acting upon maltohexaose and maltoheptaose in the presence 
of glucose-1-phosphate, have an a-1:6 linkage branching off the fifth glu- 
cose residue. The product is interesting, in that after exhaustive phos- 
phorylase action on a branched polyglucoside such as glycogen or amylo- 
pectin, a branched limit dextrin remains which has a similar configuration 
(5, 13). | 

The evidence would seem to indicate that the structure described is a basic 
one in all branched-chain polyglucosides. Also, it would appear that the 
action of amylo-1:6-glucosidase is the exact opposite of that of branching 
enzyme of Oscillatoria princeps (5). ; 

Some indication of the structure of amylotic polyglucosides may be pos- 
tulated from the evidence at hand. 

The repetitiousness of a six unit structure in the polyglucosides seems to 
indicate that a six residue configuration is the basic structural unit of the 


Table 5. Summary of results of enzyme degradation studies on the branched dextrin formed 
from maltoheptaose. R, values after chromatography in phenol-water. 
SS — 


Maltohepta- After B.E. After After gluco- After gluc- After gluco- 
ose action a-amylase sidase amylase sidase 
0.14 0.12 0,22 0.26 0.27 0.31 
0.1 0.31 0.31 0.40 0.40 
| 0.37 0.37 
| 0.40 
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polyglucosides. For example, in amylopectin, a unit chain contains about 
24 glucose residues (19). In glycogen, the unit chain has been reported to 
contain 12 or 18 residues (4, 20). The values appear to be indicative of a 
six-membered unit. 

Further evidence for a six-membered basic unit may be obtained from paper 
chromatography studies (21). If the series of repeating polymers: maltose, 
maltotriose, maltotetraose, maltopentaose, maltohexaose, and maltoheptaose, 
is chromatographed in phenol-water, the R; values when plotted against the 
number of glucose residues per polymer, fall into a linear relationship from 
maltose through maltopentaose. Maltohexaose does not fall within this curve, 
but the relationship continues and is resumed from maltohexaose to malto- 
heptaose (21). (It would be of interest to study the relationship between 
maltoundecaose and maltoduadecaose). Since the »rate of flow» value in a 
solvent gives an indication of the molecular configuration, it can be assumed 
that some difference occurs between maltopentaose and maltohexaose, prob- 
ably of a spatial nature. 

The a-1:6 linkage is established by branching enzyme off the fifth glu- 
cosidic residue in a six residue maltodextrin; 'he same is true in a seven 
residue maltodextrin. The evidence presented, indicates that branching 
occurs off the fifth residue in both maltohexaose and maltoheptaose after 
the action of branching enzyme in the presence of glucose-1-phosphate. The 
fifth residue in these two maltodextrins exhibits a reactivity different from 
that of the terminal residue in maltopentaose. The reactivity of this fifth 
residue must be influenced, at least in part, by the presence of a glucose 
residue immediately following it as in maltohexaose and. maltoheptaose. 
There is probably a morphologieal or structural difference between a 5 
residue and a 6 residue dextrin other than merely the addition of another 
glucose residue. For example, maltohexaose and maltoheptaose are branched 
by the branching enzyme of Oscillatoria princeps in exactly the same manner 
_ and at approximately the same rate (see Figure 1). 

It is suggested that the difference is due to the formation of a helix by 
maltohexaose and higher dextrins, while all dextrins below maltohexaose 
exist as a straight chain. It is a well established fact that assymetric mole- 
cules, when joined together so that every one has the exact same geometrical 
relationship in space to its neighbor, form a simple helix (16). The helical 
concept, as far as polysaccharides are concerned, is not new (14). This would 
indicate that the sixth residue in such a structure must be at the transition 
point of one spiral to another. 

It is not necessary to assume that the suggested helix exists merely as a 
geometric result of bonding. The abnormal reactivity of the fifth residue in 
maltohexaose may be due to an electronie shift resulting from a rather weak 
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bonding joining the number one and number six glucose residues, forming 
a definite six-membered ring structure. This is further suggested by the 
abnormality in the increments in Ry values when glucose residues are added 
causing the chain length of five to be increased by one residue as indicated 
(21). It would seem that the activity of the fifth residue cannot be explained 
by mere stereo considerations. If steric hindrance were the important factor, 
then, since the fifth residue of maltopentaose is less hindered than the same 
residue in maltohexaose, the reaction rate with maltopentaose should be the 
greater of the two. The experimental evidence obtained in this study indicates 
that the exact opposite is true. 

It would appear that the action of the branching enzyme from Oscillatoria 
pinceps is in some way connected with the above mentioned electronic shift. 
This, in turn, suggests the possibility that this enzymatic action may be 
explained by the conventional type of electronic mechanism common to 
organic chemistry. Further work on this possibility is indicated. 


Conclusions 


1. The branching enzyme of Oscillatoria princeps will utilize malto- 
hexaose and maltoheptaose as associate substrates, but will not branch the 
lower maltodextrins. 

2. Branching occurs as a result of the apposition of a glucose residue from 
glucose-1-phosphate to the fifth residue of the maltodextrin. A mole of phos- 
phorus is liberated at the same time. 

3. It appears that the branching enzyme of Oscillatoria, by its synthesis 
of a-1:6 linkages, has the exact opposite action of amylo-1:6-glucosidase. 

4. A helical structure is suggested for maltodextrins greater than malto- 
pentaose. 


The authors wish to thank Drs. Arthur Gentile, Duke University, Department of 
Botany, and Richard Klein, New York Botanical Garden Laboratories for their 
interest. 
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Roots of cereals, of which wheat is one of the chief objects of this labora- 
tory, contain comparatively large quantities of peroxidase, per volume tightly 
packed roots about 50 per cent of the concentration in horse radish tissue. 
The individual concentration of peroxidase, as of cytochromes, varies with 
the growth conditions. As shown in a previous communication (8) peroxidase 
participates only to a minor degree, if at all, in the aerobic respiration of 
wheat roots. Its presence, however, creates certain problems as to the spectro- 
photometrical observation of the oxidation-reduction state of the cyto- 
chromes, especially if effects of cyanide are studied. Because the quantity of 
peroxidase in the roots exceeds that of the total cytochrome system the y-band 
at 404 mu essentially contributes to the high elevation of the band in violet 
in the crude spectrum (3, 4). Because peroxidase is not reduced under 
anaerobical conditions this influence is eliminated if difference spectra, viz. 
e reduced—e oxidized, are calculated. Hence the absolute and relative values 
of the cytochromes may be calculated from such difference spectra. Dis- 
turbing effects may, however, be expected in studying the response of the 
cytochromes to cyanide and fluoride, azide and carbon monoxide, because 
these substances, according to Keilin and Hartree (1) convey considerable 
changes in the absorption spectrum of peroxidase. An approximate calcula- 
tion of the difference spectra, viz. € peroxidase : inhibitor—e peroxidase, 
rendered bands in regions which are of special interest for the study of the 
cytochromes. In order to aquire more accurate difference spectra from the 
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two important complexes with cyanide and fluoride spectrograms from pure 


preparations of peroxidase were recorded in the authors automatic spectro- 
photometer. 


Methods 


By the courtesy of Prof. D. Keilin and Dr. E. F. Hartree the author received 
a sample of pure horse radish peroxidase in 0.5 M solution. For the spectro- 
photometrical work a small quantity, about 0.045—0.150 ml., was diluted 
to 0.530 ml., which is the volume of the Hilger micro-cuvettes used for the 
determination. The cuvettes are 3 mm. thick. For the dilution a solution of 
0.02 M phosphate buffer, pH 5.6, was used, and this solution was also filled 
in the blank cuvette representing the reference beam. 

The spectrum was investigated in the author’s automatically recording 
spectrophotometer in intervals of 2 mu (4). The instrument plots values of 
the sample and the reference beam on a logarithmically graduated chart, 
from which the extinctions can be directly read. At a slit opening of 0.01 mm. 
(in- and out-going slits alike) the band width amounts to only 0.25 mu at 
500 and 0.4 mu at 600 mu, a circumstance enabling very accurate readings, 
even at lower intervals than 2 mu. 

The cyanide complex was developed either by adding a small crystal of 
KCN to the cuvette, or by diluting the sample with 0.001 M KCN+0.02 M 
phosphate buffer. The spectrum is in both cases very constant. The fluoride 
complex was formed by diluting the sample with 0.1 M NaF at pH 3.3, or 
the same used for the study of the influence of fluoride on the cytochrome 
system (4). Contrary to the cyanide complex the fluoride complex develops 
more slowly, which can be noticed on the y-band (see below). Observations 
were also made on the development of the H,O, complexes of peroxidase. 
These will be separately published. 


Difference spectra of peroxidase : CN and peroxidase - F 


The y-band of pure peroxidase appears at 404 mu (according to Keilin and 
Hartree at 403 mu) and that of peroxidase : CN at 424 mu, resulting in a peak 
of the difference band at 428 mu (figure 1). The peak of the corresponding 
difference band of peroxidase : F starts at 412 and moves back to 408 mp in 
30 minutes. According to Keilin and Hartree the peak of the fluoride complex 
is at 404 mu. This would probably give an even lower position of the peak 
of the difference band than 408 mu. The discrepancy is probably due to the 
time effect mentioned above. As a matter of fact the peak of the difference 
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Figure 1. Figure 2. 
Figure 1. Absorption spectrum of peroxidase. Curve a=pure peroxidase, b=peroxidase : CN, 


c=difference spectrum € peroxidase : CN—e peroxidase. 
Figure 2. Difference spectrum of & peroxidase : CN—e peroxidase. 


spectrum of living roots treated with fluoride for 1—2 hours as a rule is 
somewhat lower than 408 mu. These difficulties have little practical import- 
ance because the determinations of both the cyanide and the fluoride com- 
plexes in living material ought to be preferably performed on the bands in 
green or red respectively. 

The prominent band of peroxidase: CN at 538 mu, combined with the 
weak band of pure peroxidase at about 498 mu, gives a large band in the 
difference spectrum, extended between the isosbestic points at 524 and 
606 mu and with a rounded peak at about 560 mu (figure 2). This band 
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coincides with the reduced bands of the cytochromes c, b, and dh (cf. 6). 
A careful inspection of the top region of the band reveals a finer structure, 
but the differences in extinction are of an order not interfering with the 
measurements of the reduced bands of the cytochromes after inhibition with 
cyanide (see below). It is difficult to ascertain whether this fine structure 
is a property of the peroxidase: CN complex itself, or caused by minute 
quantities of desorganization products. 

As shown by Keilin and Hartree (1) peroxidase: F shows a characteristic 
band at 612 mu. The corresponding band of the difference spectrum 
(figure 3) has the same peak. It is steeply sloping toward red, with an 
isosbestic point at 630 mu. The left side of the band is declining more gently, 
with a knick or elevation at about 562 mu. The isosbestic point on this side 
appears at 554 mu. A deep negative top appears at about 515 mu. The con- 
siderable decrease of extinction of the difference band of peroxidase: F be- 
tween 575 and 515 mu has to be duely considered in computing the dif- 
ference curves of living roots treated with fluoride. 
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Calculation of the peroxidase spectrum in living tissues 


Because accurate determinations of the absorption spectrum of living 
material can only be made along the line of difference spectra (cf. 3, 4) an 
estimation of the concentration of peroxidase in the living cells has to be carried 
on via the fluoride or cyanide complexes. It is important to know, however, 
that the results can be corroborated by measurements of the pyridine haemo- 
chromogen spectrum, as will be shown below. 

The appearance of the fluoride complex band at 612 mu has been noticed 
by Keilin and Hartree and recommended by them for estimation of peroxi- 
dase in living tissues. The position of the band is indeed rather convenient, 
because the only cytochrome band in the neigbourhood is the reduced band 
of cytochrome oxidase at 604 mu, which does not appear at fluoride inhibi- 
tion (4), and which in addition to that is only weakly developed in roots. 
The difference spectrum of pure peroxidase: F gives the value for molar 
extinction B=0.505 - 104, corresponding to the difference in extinction be- 
tween 612 and 630 mu. The band is clearly noticed in the difference spectrum 
of living roots of cereals and of horse radish (figure 4), if these are treated 
with 0.1 M NaF pH 3.3 for at least one hour. 

Calculated from the molar extinction tightly packed roots of wheat contain 
on an average 9 umol peroxidase per litre. The corresponding value for 
slices of horse radish is 18 umol : lit.”!. Because wheat roots are cylindrical 
and do not fill the space more than up to 55—60 per cent the concentration 
of peroxidase per cell volume is, however, only little lower in roots as com- 
pared with horse radish. 

The prosthetic group of peroxidase is the same as for the cytochromes 
b and dh, viz. protohaematin. This fact opens a possibility of corroborating 
these calculations with those made from the height of the a-band at 556 mu 
of pyridine haemochromogen (molar extinction=3.2- 10%). The roots were 
treated with a solution of 15 per cent pyridine plus some dithionite under 
anaerobical conditions for 24 hours and the bands of the pyridine compound 
accurately recorded in the automatic spectrophotometer. As shown elsewhere 
(6) the extinction at 550 mu is only slightly increased by the presence of the 
pyridine compound of cytochrome c haematin, but the peak at 556 mu is not 
measurably influenced. The extinction at 556 mu is the sum of the values 
of peroxidase +cytochrome b-+cytochrome dh. The apparent molar con- 
centration of the cytochromes b and dh can be determined from the height 
of the reduced bands in the difference spectrum between roots surrounded 
by aerated salt solution and the same roots held anaerobically for 1—2 hours 
or longer. As shown in previous communications (4) the cytochromes are 
predominately oxidized (to about 80 per cent) in an aerated salt solution. 
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The values thus have to be corrected by c. 20 per cent to cover the total 
amount of protohaematin contained in cytochromes (the pyridine haemo- 
chromogen a-band of cytochrome oxidase appears at 585 mu and does not 
interfere at all with the measurements). 

As shown by the examples given in table 1 the values calculated from the 
peroxidase - F compound and the net value of pyridine haemochromogen 
are in good agreement. In roots the pyridine values are as a rule somewhat 
higher, a fact probably caused by the very slow reduction of cytochrome dh, 
which gives not quite 100 per cent values for this substance. 

The broad band of the peroxidase : CN complex may be used for quanti- 
tative determinations, too, but only in combination with a careful analysis 
of the coincidence with the cytochromes, because at least cytochrome c is 
partly reduced in the presence of cyanide. The detailed investigation of the 
cyanide complex was undertaken mainly in order to find out the interference 
with bands of the cytochromes c, b, and dh. As will be shown in a later 
publication the cytochromes b and dh do not easily give complexes with 
cyanide at pH-values existing in the normal tissue. The extinction at 542 mu 
in the difference spectrum, one of the isobestic points of cytochrome c (see 
4), may therefore be used for the determination of the height of the peroxi- 
dase: CN band in green. From this value the complete band can be cal- 
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Table 1. Comparison of determinations of peroxidase from the fluoride complex and the 
pyridine haemochromogen spectrum. 


Peroxidase. F Pyridine haemochromogen pmol - lit.—1 

er pmol - lit. Total |Cytochromes b+ dh| Peroxidase 
Wheat roots .....u......... 8.8 12.6 3.2 9.4 
= See 5.7 9.0 3.2 5.8 
» SO re ro naage 6.7 99 2.8 ya 
Horse radis. 17.6 17.4 — 17.4 


Notice. The values for roots are calculated per volume tightly packed roots (see above). 
No cytochrome has been detected in horse radish. 


culated according to the values of molar extinction for each 5 mu interval 
computed in table 2. 

An average content of 8.8 umol peroxidase per litre tightly packed roots 
develops a peroxidase : CN difference band of the height of e=0.060 at 
560 mu, if the spectrum is recorded from a 16 mm. thick root bundle. For 
comparison it may be mentioned that the bands in the spectrum of com- 
pletely reduced cytochromes from a similar bundle of roots amounts to the 
following values, computed from a series of 20 experiments: 


Cytochrome c (550 mu) Cytochrome b (563 mu) Cytochrome dh (571 mu) 
0.027—0.061 0.032—0.107 0.034—0.112 
M: 0.042 M: 0.067 M: 0.072 


As mentioned above the values of cytochrome dh are probably somewhat 
too low. 

The content of cytochrome varies considerably with the growth conditions 
(8). Fig. 5 shows one example of extremely low content of cytochrome, in 
which consequently the difference spectrum after treatment with cyanide is 

‘almost identical with the calculated curve of pure peroxidase - CN. Only a 
slight elevation at 550 mu here reveals the presence of some reduced cyto- 
chrome c. At higher concentrations of cytochromes the deviations from the 
peroxidase : CN spectrum are more prominent and also include elevations at 


963 and 571 mu, corresponding to the partly reduced bands of the cyto- 
chromes b and dh. 


Table 2. Molar extinctionx 10—4 of the difference spectrum & peroxidase : CN—e peroxidase. 
À 520 525 530 535 540 545 550 555 560 565. mu 
—0.090 0.007 0.112 0.269 0.333 0.386 0.409 0.427 0.430 0.428 


À 570 575 580 585 590 595 600 605 mu 
0.414 0.388 0.300 0.229 0.151 0.130 0.066 0.015 
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The y-spectrum of roots treated with cyanide 


The y-region is less suited for accurate measurements of bands of cyto- 
chromes because of the fact that these are present both in the oxidized 
and reduced state, only moved a distance varying between 10 and 24 mu 
toward red at reduction. This fact certainly enables the computation of dif- 
ference spectra, but the calculation is considerably hampered by the coin- 
cidence of eight single bands — one pair each of a, c, b, and dh — which 
are moving up and down in a narrow region of about 30 mu. To these eight 
bands are then added those of peroxidase and its cyanide and fluoride com- 
pounds. The band of pure peroxidase partly covers the ox- and red-bands 
of cytochrome c and bd, and the ox-band of a (at 420 mu). The displacement 
of the peroxidase band from 404 to 424 mu after the addition of cyanide 
severely disturbs the observation of the above named bands of the cyto- 
chromes. Fluoride is far less disturbing. 

The difference band of peroxidase - CN at 428 mu (see figure 1) is narrowly 
situated between the reduced bands of b and dh at 424 and 431 mu. As these 
cytochromes are fairly resistent to cyanide the peroxidase:CN band at 428 mu 
would be expected to appear in roots treated with cyanide. Observations of 
the CN-spectrum of roots, however, frequently show a large band with its 
peak at 436—440 mu (fig. 6). This would at the first sight point to a modi- 
fication of the wheat peroxidase, as compared with the horse radish prepara- 
tions, a modification which would not affect the bands in green. 

Observations of the development of the peroxidase : CN bands in solutions 
of increasing concentration, starting with 10°® M, and observations of the 
time course in 10-4 M solutions, show a very rapidly proceeding process. 
The peroxidase: CN band at 538 my is clearly starting in 10 7 M cyanide 
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and is completely developed in a 10~* M solution. In 10°? M HCN the bands 
appear in about 15 seconds and are completely developed in 2—3 minutes 
(figure 7). If the growth of the difference band (cf. table 2) is measured at 
different wave-lengths it is noticed that the extinction at 540 mu develops 
more rapidly than at 550 mu (see figure 7). This is particularly obvious, if 
the difference is calculated between the observed extinction values at 550 
and the calculated peroxidase: CN values for this wave-length. This dif- 
ference corresponds to the proceeding of the reduction of cytochrome c under 
the influence of the inhibited cytochrome oxidase. The reduction of cyto- 
chrome c proceeds considerably slower than the development of the peroxi- 
dase : CN compound, its half-time (see 5) amounting to 120 seconds against 
68 seconds for the peroxidase : CN compound. The extremely rapid response 
of living roots to cyanide illustrates the rapid diffusion of the molecules 
of HCN through the tissue. The interesting difference in the velocity of 
response of peroxidase and cytochrome c is probably explained by the fact 
that the reaction between peroxidase and cyanide is a direct chemical process 
whereas the increased reduction of cytochrome c is the result of a displace- 
ment in the steady states of the total cytochrome system, initiated by the 
cyanide inhibition of cytochrome oxidase. In the adjustment of the steady 
states of the single cytochromes also the ATP @ ADP equilibrium, which is 
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Figure 7. The time course of increasing formation of the peroxidase. CN complex (curve a), 

measured at 540 mu, and the combination with the partial reduction of cytochrome c, 

measured at 550 mu (curve b). Curve c represents the calculated net reduction of cyto- 
chrome c. See the text. 


coupled to the electron transference dh 2b, comes into play and retards 
the speed of reduction of cytochromes b and c (cf. 7). 

The behaviour of the cyanide band in green does not support the idea of 
a series of CN-compounds of peroxidase, in analogy with the observed three 
complexes with H,O, (1), but the possibility cannot yet be excluded that 
cyanide may be attached both to the prosthetic group (as a compound between 
threevalent iron and CN) and to some point of the apoenzyme and that the 
bands in violet and green are related to different groups in the haemin and 
thus able of partly independent variation, a possibility already touched upon 
in the literature (2). An observation of the behaviour of the cyanide band in 
the y-region of the spectrum at a gradually increased concentration of HCN 
shows that an elevation at 428 mu, corresponding to the difference band of 
peroxidase: CN, appears at low concentrations, but disappears at higher con- 
centrations simultaneously with the displacement of the peak to 436— 
440 mu. This comparatively slow displacement of the band cannot be attri- 
buted to the formation of a CN complex with cytochrome oxidase (4), because 
this is formed instantaneously. Besides of the possibilities that 1) wheat per- 
oxidase is not quite identical with horse radish peroxidase, 2) that it is 
slightly modified under the influence of cyanide or, 3) that a second unknown 
compound develops a band in the region 440—450 mu a further possibility 
ought to be considered, namely the slow formation of a cyanide complex 
with cytochrome dh. Such a compound would probably give a band in green, 
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too. A certain elevation of the cyanide spectrum at 580—585 my is some- 
times observed and could hypothetically be matched with a y-band at 435 — 
440 mu. The reoxidation of cytochrome dh, when going from anaerobic 
cyanide to aerobic cyanide, however, is not in accord with the idea of a CN 
complex formed with this compound. For a final decision between the men- 
tioned possibilities more experimental facts are needed. 


Summary 


The spectrum of the cyanide and fluoride complexes with peroxidase from 
horse radish was compared with corresponding spectra from living tissues. 
Quantitative determinations of the apparent volume concentration of per- 
oxidase can be made from the bands in the green and red parts of the 
spectrum. Wheat roots contain nearly as much peroxidase as horse radish. 
The coincidence with bands of cytochromes is discussed. 


The work has been supported by the Research Councils of Science and of Agriculture. 
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Introduction 


The cytochrome system of the roots of young plants of wheat is provided 
with similar prosthetic groups as that of animal tissues, yeast, and certain 
bacteria, viz. is composed by cytochromes of the »families» a, b, and c. In 
addition to that wheat roots contain a fourth cytochrome, dh (6), which is 
characterized by an a-band at 571 mu and a $-band at ca. 540 mu. This 
cytochrome is under anaerobical conditions considerably more slowly re- 
duced than cytochrome b, but it is rapidly reoxidized in the presence of 
oxygen. Its behaviour under the influence of a number of inhibitors reveals 
its properties as a member of the complete cytochrome system. Its prosthetic 
group is related to the haemin of cytochrome b and peroxidase (6, 7). A 
reversible transference of electrons is obviously going on between the cyto- 
chromes b and dh. The fact that no trace of a cytochrome dh has been found 
in heart muscle preparations, which are characterized by a high activity 
of succinodehydrogenase, seemingly speaks against its identity with this 
enzyme. It must be emphasized, however, that cytochrome dh remains highly 
oxidized unless the last traces of oxygen are consumed. Because the oxidized 
enzyme has no marked a- or ß-bands its presence can be easily overlooked. 

The cytochromes a, c, and b are rapidly and completely reduced if the 
aerated medium surrounding the roots is exchanged for an O,-free medium 
(distilled water, phosphate buffer, or a solution of a neutral salt). The system 
remains intact even if the anaerobiosis is extended to 24 hours. It can, how- 
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ever, sometimes be observed that the reoxidation, which normally takes only 
few seconds, stops at a lower level of oxidation than before the anaerobiosis. 
The lag is more pronounced regarding the cytochromes b and dh than in 
respect of cytochrome c (and probably a) and may be interpreted as a 
retardation of the electron transference from b to c. This point is in fact one 
of the more sensitive in the total system, because a number of inhibitors 
are slowing down the electron transference between b and c. It is unlikely 
to assume that the action of the dehydrogenase is intensified by anaerobiosis. 
There are, on the other hand, no facts indicating a slackening of this enzyme 
in the absence of oxygen (cf. 5). The excess of reduction of the cytochromes 
b and dh after a period of anaerobiosis can amount to 20—40 per cent 
above the level held at the start in aerated solution. 

Cyanide combines with cytochrome oxidase and hereby instantaneously 
inhibits 50 to 75 per cent of the total aerobic respiration of wheat roots (3). 
From observed differences between the absorption spectra recorded under 
complete anaerobiosis and after treatment with cyanide it was tentatively 
concluded (5) that also the cytochromes dh and possibly b are to a certain 
extent combined with CN. From biochemical preparations of cytochrome c 
and cytochrome b it is known that these enzymes only very slowly, if at all, 
combine with CN. The high percentage of peroxidase in the wheat roots (7) 
and the spectral behaviour of the peroxidase : CN complex introduces 
troublesome coincidences in the spectral picture. Since now the participation 
of peroxidase has been more closely studied (7) the problem of the effect 
of cyanide on the cytochrome system was reinvestigated. 


Methods 


The unbranched ca. 60 mm. long ends of the roots of 2—3 weeks old seedlings 
— grown in photothermostats at 25° C. — were cut in lengths of 20 mm. The pieces 
were oriented parallelly in bundles which were tightly introduced in 40 mm. long 
quartz tubes of 16 mm. diameter, The tubes were closed by rubber stoppers provided 
with glass tubes for inlet and outlet of the streaming medium. This recipient was 
fastened on the object holder of the author's recording spectrophotometer (4). 
A layer of 12 strips of filter paper (Munktell no. 3) served as reference substance. 
The light absorption — sample and reference substance automatically shifted in 
3.2 seconds — was recorded in spectral intervals of 2 mu at a slit opening of 
0.03 mm., corresponding to a band width of about 1 mu in the a-region. At the 
recording of the absorption spectrum of the roots under aerobic conditions the 
medium flows through the recipient during the operation of the spectrophotometer. 
Anaerobiosis was brought about either by changing the solution from aerated to 
O,-free, or by stopping the flow of the solution or by both means. As will be shown 
elsewhere there is a difference between these two ways of carrying through anae- 
robiosis, because in a flowing solution the carbon dioxide produced from the 
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anaerobic glycolysis is removed from the roots, whereas it accumulates at stopped 
flow. Carbon dioxide attacks the sensitive point of the system, mentioned above, 
viz. the electron transference between the cytochromes b and c, and may well be 
the chief cause of the lasting partial reduction of the cytochromes b and dh after 
prolonged anaerobiosis at stopped flow of the medium. 

The basic medium was throughout 0.02 M phosphate buffer, pH 5.7. As KCN was 
never added to more than 0.001 M undue variations in the pH value were thus 
avoided. 

The roots contain 100—200 per cent more peroxidase than cytochrome. For an 
accurate determination of the steady states of the cytochromes in the presence of 
cyanide the coincidence with peroxidase: CN must be eliminated. This can be done 
by calculation of the difference spectrum € peroxidase : CN—e peroxidase (7) and 
subtraction of it from the observed cyanide difference spectrum of the roots. The 
spectrum of peroxidase CN appears in identical intensity both in aerated and 
O,-free cyanide. The presence of cyanide does not interfere with the determination 
of the height of the reduced bands under anaerobiosis. 


Reduction in the presence of aerobic cyanide 


For these experiments four separate spectral recordings have to be made, 
namely of roots in (1) aerated phosphate buffer, (2) O,-free phosphate buffer, 
(3) aerated phosphate+cyanide, and (4) O,-free phosphate+cyanide. In 
some experiments also the reoxidation from (2) to (1), or from (4) to (3), 
was recorded. 


= r the relative molar concentration of the cytochromes can 
no. 


From log 


. 4 ; > 
> 7 the concentration of peroxidase (cf. 7), 
no. 2 


be calculated (cf. 4), from log 


no. 


and from log ‘ the combined effects of the cyanide on peroxidase and 


no. 
cytochromes. For the calculation of the quantitative spectrum of peroxi- 
dase - CN the difference in extinction between the wave-lengths 540 and 
525 mu may be used. A useful correction is attained by determination of the 
pyridine haemochromogen (see 7). 

The cyanide spectrum of O,-free roots reflects the calculated difference 
curve of peroxidase: CN (figure 1), but a subsequent anaerobic oxidation 
of the cytochromes b and dh may cause deviations (see below). In aerated 
cyanide the region 545—580 mu is higher than the calculated band of per- 
oxidase: CN. In these cases (see figures 2 and 3) one peak is invariably 
found at ca. 550 mu, corresponding to a partly reduced cytochrome of the c 
family, and a second peak or elevation at 563 mu, corresponding to cyto- 
chrome b. The observed heights of the band at 550, 563, and 571 mu minus 
the calculated heights of peroxidase : CN at the same points give the relative 
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Figure 1. Difference spectra of a 16 mm. 
thick bundle of wheat roots. Curve a: 
€ anaerobic cyanide—e anaerobic phos- 
phate, b: calculated curve of © peroxidase - 
CN—e peroxidase. 


reduction of the corresponding cytochromes. If the resulting figures are 
compared with the values for total extinction under complete anaerobiosis 
the percentual reduction in the presence of cyanide may be calculated 
(table 1). 
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Figure 2. Difference spectra of wheat 
roots. Curve a: eaerobic cyanide—eaero- 
bic phosphate, b: calculated difference 
spectrum of peroxidase : CN, c: anaero- 
bic phosphate —e aerobic phosphate. 
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The bottom level of oxidation used for the «alculations in table 1 cor- 
responds to 80 per cent oxidation (see 4). The complete oxidation state can 
only be attained after treatment with substances as fluoride or malonate 
which in our case would have severely disturbed the experimental proce- 
dure. A correction of the values for total oxidation would not have altered 
the chief result, viz. the fact that the cytochromes c, b, and dh are only 
partially reduced in the presence of aerated cyanide and that the group 
b-dh is considerably less reduced than cytochrome c. 

A close inspection of the cyanide spectrum of the roots does not indicate 
the formation of CN compounds of the cytochromes c, b, and dh. The slight 
elevation occasionally observed at about 580—585 mu, which was earlier 
believed to indicate a CN complex of cytochrome dh, is probably caused by 
the presence of still another haemin compound, but this question must be 
left open for the present. It may be mentioned, however, that peroxidase : CN 
gives a slight elevation at about 590 mu. 

The partial reduction in aerobic cyanide is probably caused by the 
inactivation of the cytochrome oxidase. as a consequence of which it cannot 
act as an acceptor of electrons from cytochrome c. The fact that the latter 
nevertheless remains oxidized to about 30 per cent can be attributed to one 
of the following two alternatives: (1) a retardation of the supply of electrons 
from the dehydrogenase via the cytochromes b, and dh; (2) the activity 
of an oxidase insensitive to cyanide and linked to the rest of the cytochrome 
system, including c, b, and dh. The alternative (1) is less probable because 
it is known that succinodehydrogenase is insensitive to cyanide, and because 
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Table 1. Percental reduction of the cytochromes in the presence of cyanide under aerobic 
conditions. The reduction is calculated from the normal predominantly oxidized state of 
the cytochromes taken as zero (see the text). Ten experiments. 


Cytochrome c Cytochrome b Cytochrome dh 
64 44 44 
64 40 39 
64 53 37 
52 21 13 
33 28 24 
62 25 2 
80 58 57 
88 61 68 
47 16 15 
86 57 68 
M: 64.0 40.3 37.6 


even a heavily retarded transference of electrons would comparatively soon 
result in a complete reduction of the total cytochrome system, if the cyto- 
chrome oxidase were put out of action. The experiments with HCN under an- 
aerobical conditions (see below) give conclusive evidence of the continual 
activity of the dehydrogenase. 

As to the alternative (2) attention is called to the fact that a certain 
autoxidation of cytochrome b was observed at an early date (2), and that in 
vitro solutions of reduced cytochrome c are invariably slowly autoxidized 
even at pH values near 7. It has, however, never before been suggested that 
the autoxidation of cytochrome b could possibly act as a substitute for cyto- 
chrome oxidase in the living cell. 


Reduction in and reoxidation from anaerobie eyanide 


If the roots are transferred from aerated to O,-free cyanide the reduction 
of the cytochrome system sets fort from the level reached in aerobic cyanide 
and may, particularily regarding cytochrome c, approach 100 per cent 
(figures 4 and 5). The increase of the reduced bands may also be observed 
on the difference spectrum of the Soret region (figures 4 and 5). The inter- 
pretation of the partial oxidation of the cytochromes c, b, and dh in aerated 
cyanide as a steady state between continuously running processes of oxida- 
tion and reduction is corroborated by the rapid occurrence of the reoxidation 
of the system if the medium is changed from anaerobic to aerobic cyanide. 

The velocity constant (see 5) of the reoxidation in cyanide is about the 
half of that obtained for the reoxidation of cytochrome c in a dilute salt 
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Figure 4. Difference spectrum of wheat roots, showing the additional reduction in going 

from aerobic to anaerobic cyanide+ phosphate, or e anaerobic cyanide+phosphate—e aero- 

bic cyanide+phosphate. The bands corresponding to the cytochromes c and b are 
dominating. 


solution. The intensity of the process is hence sufficiently high to provide 
for the »ground respiration» of roots treated with cyanide (3), which only 
amounts to 25—50 per cent of the total aerobic respiration. The other frac- 
tion of the total respiration, the »anion respiration», is conducted by the 
cytochrome oxidase (oxidase I; see 4). The »oxidase II», which is responsible 
for the ground respiration, has not yet been identified. The pronounced 
insensitivity to cyanide speaks against its identity with a copper oxidase. 

It was shown in a previous communication that the ground respiration 
varies synchronously with the quantity of flavoprotein and the possibility 
was discussed that oxidase II is an autoxidizable flavoprotein. The high turn- 
over number (see 8), or 80 for FP as compared with 170 for cytochrome 
b, would indicate an exceptionally efficient flavoprotein. It may be ten 
tatively suggested that the junction between flavoprotein and cytochrome b 
discussed in a previous communication (8) speeds up the oxidative qualities. 
A very close combination between flavoprotein and cytochrome was recently 
discovered by Appleby and Morton (1) as an enzyme identical with the lacto- 
dehydrogenase of bakers yeast. Because the investigations on wheat roots 
show that both flavoprotein and cytochrome are involved in the ground 
respiration the possibility of a close cooperation between these groups has to 
be seriously considered. 

A close junction between flavoprotein and cytochrome b would explain 
why the processes linked to the stream of electrons from succinodehydro- 
genase to cytochrome b (see below) are.so markedly slowed down at 
inactivation of the cytochrome oxidase. Flavoprotein is a link in the chain 
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Figure 5. Difference spectrum of wheat roots, showing the same as in fig. 4 but with a 
dominating reduction of cytochrome b. 


of processes conducting hydrogen and electrons from other points of the 
desmolysis of sugar than the equilibrium succinate = fumarate+2H. The 
combination flavoprotein—cytochrome b is obviously capable of carrying 
through the oxidation of hydrogen collected from coenzyme I and similar 
sources but incapable of a simultaenous full oxidation of hydrogen supplied 
by succinodehydrogenase. For this task the much higher efficiency of the 
cytochrome oxidase is required. The key position of cytochrome b as a col- 
lector of electrons from two lines is probably the reason why this cyto- 
chrome (and dh) is quantitatively so dominating in the plant tissues. 


The time-course of oxidation and reduction of cytochromes c and b 


Observations of the time-course of reduction in aerobic 10-5 M cyanide 
(figure 6) show that cytochrome b is more rapidly reduced than cyto- 
chrome c but on the other hand stops at a higher level of oxidation than the 
latter. The half-times (ht; see 5) before reaching the steady states (see 
figure 6) are: 

c b dh 
200 sec. 36 sec. 70 sec. 


The slow response of cytochrome c stands in remarkable contrast to its 
rapid reduction without cyanide, if the supply of oxygen is cut off. As shown 
in a previous communication (4) there exists a reversal equilibrium between 
the cytochromes c and b, electrons being able to move also from c to b if the 
latter is separately oxidized. This may possibly be one of the reasons why the 
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response of cytochrome c is slowed down, because the oxidation in aerobic 
cyanide undoubtedly proceeds via cytochrome b instead of cytochrome 
oxidase. The speed of reduction of cytochrome c under anaerobiosis is clearly 


: : cyt. b . 
shown to depend on the relative molar concentrations ee At a high 
vire 


value of this relation cytochrome c is reduced at a higher speed than at a 
low value. The power of autoxidation of cytochrome b obviously acts in the 
same way as a reduced total quantity, viz. in direction of a decrease of its 
function as a donor of electrons to cytochrome c. 


On anaerobic reoxidation of the cytochromes b and dh 


At a prolonged stay in O,-free cyanide the reduction of the cytochromes b 
and dh decreases, as shown by a lowering of the bands (figures 1, 7). The 
anaerobic oxidation amounts to about 50 per cent. Cytochrome c is much 
less affected, only up to 10—15 per cent. The observed effect cannot be con- 
founded with the formation of a cyanide complex with b and dh, because 
such complexes would impede the observed rapid reoxidation in the presence 
of cyanide. Also the fact that no lowering of the reduced bands appears in 
aerobic cyanide decidedly speaks against the formation of CN complexes. 
The decrease of the reduced bands can only be interpreted as an anaerobic 


oxidation. 
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It was found in this laboratory that the cytochrome system of wheat roots 
is coupled to the formation of ATP or some similar ~ph product. The experi- 
ments, which will be shown in a separate publication, support the assump- 
tion of a reversible equilibrium ADP Z ATP conducted by the electron trans- 
ference between succinodehydrogenase and cytochrome b, possibly via 
cytochrome dh, according to the following scheme 


Dehydrogenase (via dh?) 
| À ADP 
e és 
\ ATE “4 


{ | 
cyt. b 


If the on-reaction, viz. the stream of electrons from the dehydrogenase, 
stops owing to an absence of oxygen no ATP is formed, but the off-reaction, 
viz. the decomposition of ATP to ADP, may still proceed. The stream of 
electrons is now reversed, as a consequence of which cytochrome b is 
oxidized and in its turn oxidizes cytochrome dh. ATP acts as an internal 
oxidazing agent in the system and it may consequently be able to maintain 
a certain anaerobic oxidation of metabolites via the flavoprotein system. 
A similar reversed oxidation of cytochrome b is observed under the influence 
of fumarate or malonate (4). Because an anaerobic reoxidation of cyto- 
chrome b is not observed in the absence of cyanide this agent probably inter- 
feres wilh the phosphorylation in such a way that the retarding effect is 
focussed on the on-reaction. This effect of cyanide is rather specifical, 
because it conveys a pronounced oxidation of cytochrome dh. Fumarate also 
oxidizes cytochrome 6, but has the reversed effect on cytochrome dh. 
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Summary 


A reinvestigation of the effects of cyanide on the cytochrome system of 
wheat roots showed that under normal pH conditions of the living tissue CN 
complexes are not formed with the cytochromes c, b, and dh. The observed 
effects are confined to the inactivation of the cytochrome oxidase and the 
formation of a peroxidase : CN complex. In an aerated solution of cyanide 
the cytochromes c, b, and dh are only partially reduced, cytochrome c to 
about 60, the two others to about 40 per cent of the space between pre- 
dominant oxidation in an aerated salt solution and complete reduction 
under anaerobiosis. The succinodehydrogenase is not inhibited by cyanide, 
as a consequence of which anaerobically complete reduction is attained also 
in the presence of cyanide. The velocity of reoxidation in the presence of 
cyanide amounts to about half of the velocity of the intact cytochrome 
system. The forthcoming experimental evidence supports the idea that cyto- 
chrome b acts as a substitute for cytochrome oxidase but at considerably 
reduced power, only sufficient for carrying on an oxidation via flavoprotein, 
but incapable of oxidizing noteworthy quantities of succinate. The possibility 
was discussed that a close junction exists between cytochrome b and flavo- 
protein and that this complex constitutes the enzyme of ground respiration, 
whereas the enzyme of anion respiration is cytochrome oxidase. Besides of 
its effect on cytochrome oxidase and peroxidase cyanide also probably affects 
the -ph balance, thus promoting an anaerobic oxidation of the cytochromes 
b and dh. 
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Influence of pH on the Respiration in Chlorella pyrenoidosa 
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Very little has been published about the influence of pH on the rate of 
respiration in aquatic plants. Only some scattered remarks are found in 
articles describing primarily experiments of another kind. Emerson and Green 
(1938) stated that the respiration in Chlorella is about 30 per cent higher at 
pH 4.6 than at pH 7.0 or 8.9. Steemann Nielsen (1947) found, however, that 
the rate of respiration in Myriophyllum spicatum is about 20 per cent lower 
at pH 4.5 than at pH 9.3. 

The influence of pH on the rate of photosynthesis in aquatic plants has 
been worked out to a much higher degree, e.g. Emerson and Green (1938), 
Steemann Nielsen (1947) and Österlind (1949). The first mentioned workers 
thus made an important contribution regarding the influence of pH in Chlo- 
rella. They found a constant photosynthetic rate in the pH-range 4.6—8.9 
when both CO, and light were saturated. Under certain circumstances a de- 
creasing effect of low pH on the photosynthetic rate in saturated light in Chlo- 
rella may be found (Steemann Nielsen in press). Normally, however, the rate 
is independent of pH. 

During some Chlorella experiments where pH had to be varied it was of 
importance to know the exact behavior of the species. It was thus necessary 
to make a detailed investigation concerning the influence of pH on the rate 
of respiration. It soon became apparent, however, that a clear picture of this 
influence was extremely difficult to demonstrate. The three representative 
curves in Figure 1 show clearly how the influence of varying pH may differ 
from series to series. 
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Figure 1. Rate of respiration in Chlorella as a function of pH. 3 different series. 


The rate of respiration was measured by determining the oxygen uptake by 
the algae by means of the Winkler-method (see Steemann Nielsen 1953). 
15 ml. bottles with glass stoppers were used. All single determinations were 
made in duplicate. The algae had been cultivated in Drechsel gas-washing 
bottles according to the description in the above mentioned paper. The cul- 
tures were aerated by a mixture of 5 per cent CO, in air. 

In the experiments carbonate buffers were used consisting of mixtures of 
0.03 n KHCO, and K,CO, with addition of small concentrations of CaCl, 
(35 mg/l), K,SO, (10 mg/l) and NaCl (5 mg/l). At low pH, 5 per cent free CO, 
was used for buffering. As only dilute suspensions of Chlorella were employed 
the buffering action was adequate. In some special experiments phosphate 
buffers were used. All experiments ware made at 21° C. 

The duration of the experiments shown in Figure 1 was about 5 hours in 
series A, about 4 hours in series B and about 2 1/2 hours in series C. Because 
of the low algal concentration used, experiments of rather long duration 
were necessary. The variation between the duplicates at any given pH in the 
different series was always small. In series A the rate of respiration is inde- 
pendent of pH. In series B there is a definite minimum in the pH range from 
7 to nearly 10 showing a definite increase of the rate both at lower and at 
higher pH values. In series C on the other hand the maximum rate of respira- 
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Figure 2. Rate of respiration in Chlorella as a function of pH. Carbonate or phosphate 
used for buffering. 


tion was measured at pH 7 the curve declining both towards lower and higher 
pH values. 

The differences between the three series of experiments were confusing. 
A program was therefore set up to investigate this peculiar behavior, and if 
possible, to obtain some understanding of its background. 

The experiments shown in Figure 2 were made to investigate whether the 
method of buffering the media has any influence on the shape of the pH- 
dependence-curve. The results of the experiments where phosphate mixtures 
of 0.04 n KH,PO, and 0.04 n KH,PO, were used as a buffer, however, fit 
excellently into the curve drawn from the experiments where carbonate- 
carbon dioxide was used as a buffer. In a previous article (Steemann Niel- 
sen 1953, p. 321) it was shown that variations of the carbon dioxide con- 
centration between 0.4 and 5 per cent have no influence on the rate of re- 
spiration of Chlorella in the dark. The experiments illustrated in Figure 2 
also demonstrate this fact, since very little CO, was present in the phosphate 
buffer. This does not prove definitely, however, that CO, in as high a con- 
centration as 5 per cent never may influence the rate of dark respiration in 
Chlorella, As shown by Steemann Nielsen (paper in press) the narcotic effect 
of CO, has many aspects. 


The pH of the cultures used for the experiments illustrated in Figure 1 
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Figure 3. Rate of respiration in Chlorella as a function of pH. Cultures grown at different 
pH, used for the experiments. 


was almost constant, ranging from an initial value of 4.6—5.0 to a final value 
of 6.5. However, in some other series (Fig. 3) the final pH of the cultures 
employed varied from 2.9 to 9.3. In these series, the culture having a final pH 
of 2.9 was 4 days old when used and contained NH," (0.75 g NH,CI per litre) 
for an N-source rather than NO,~. That having a final pH of 6.5 was grown 
in normal media and was used after 3 days. The culture with a final pH of 
7.5 was started in normal media to which 1.5 g KHCO, per litre was added 
during the second day, and was used after 3 days of growth. The culture’ 
which had a final pH of 9.3 was grown in normal but inaerated media under 
natural illumination from a north window during March. This culture was 
used after 20 days, at which time it appeared to be perfectly healthy. 

The rates of respiration in the series shown in Fig. 3 are arbitrary but given 
for the same density of algae as measured with an Eel colorimeter with a blue 
filter. The maximum rates of respiration were nearly the same in the different 
series with the exception of the series where a culture at pH 9.3 was employed. 
A reduction of about !/3 was found here, possibly because of the age of the 
cells used in this case. 

The shapes of the curves illustrating the dependence of rate of respiration 
on pH appear to bear no relation to the pH of the culture employed. The two 
series where cultures showing the two extreme pH values (2.9 and 9.3) 
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Figure 4. Rate of respiration in Chlorella as a function of pH. With or without a previous 
anaerobic treatment for one hour. 


appear to be most similar. The maximum rate of respiration was in both 
series obtained at pH 8.5. In the two other series the maximum rate was 
found about pH 5.5. The duration of all these experiments was rather long, 
ranging from 4 to 6 hours. 

Figure 4 shows some experiments made to investigate if anaerobic condi- 
tions previous to the experiments may have any influence on the shape of the 
pH-dependence-curve. As the algae were centrifugated before the start of an 
experiment anaerobic conditions could possibly be produced at the bottom of 
the centrifuge tube where the algae were packed together. The algae from a 
3 days old culture (pH 6.9) were after centrifugation divided into two parts. 
The one part was used immediately for a series of experiments, the other 
consisting of packed cells in a minute bottle with glass stopper was left under 
anacrobic conditions for one hour. The shapes of the curves, however, are 
nearly identical. 

Figures 5—7 illustrate experiments showing the influence of the time 
course on the shape of the pH-dependence-curves. In Figure 5 the full line 
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Figure 5. Rate of respiration in Chlorella as a function of pH and time. 


Relative rafe of respiration 


shows the dependence on pH during the first 11/2 hours at the different pH 
values, the dashed line shows the dependence during the subsequent 3 hours. 
A real difference is to be seen. Whereas the maximum rate during the first 
11/2 hours was found at pH 3—5 and the minimum rate at about pH 8, 
during the subsequent 3 hours the rates at pH 3—5 had decreased whereas 
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Figure 6. Rate of respiration in Chlorella as a function of pH and time. 
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the rates at pH 7 and particularly at pH 8 had increased so that the curve 
now nearly shows independence of the rate of respiration on pH with only a 
slight optimum at a pH about 8. Figure 6 illustrates a series, the result of 
which was rather like the series just mentioned above. After the first two 
hours the respiratory rates were identical in the pH range 4—10. Figure 7 
finally shows a series in which the respiratory rates were measured at pH 4.5 
and 8.3 for one hour periods during the four first hours of the treatment at the 
pH in question. At the start the rate was by far the highest at pH 4.5. During 
the first two hours the rate decreased at pH 4.5 but increased at pH 8.3. 
During the fourth hour the rates were identical at pH 8.3 and 4.5. 

The time factor thus seems to be very important in influencing the shape 
of the curve illustrating the dependence of the respiratory rate in Chlorella 
on pH. It may, however, be supposed that the time factor possibly is not the 
only one responsible for the different shapes of the curves shown in this 
article. More investigations are absolutely needed. It seems, however, that 
the rate of respiration after a couple of hours where the pH dependence is 
very complicated becomes independent of the external pH. 


Discussion 


How does pH influence the rate of respiration in Chlorella? The rate of 
photosynthesis is as stated above ordinarily independent of the pH in the sur- 
rounding water at light saturation where the overall process is limited by 
enzymatic processes. No time course seems necessary for establishing this in- 
dependency — unlike conditions for respiration. The protoplasma must thus 
in any case in light normally in some way or other be able at all times to 
maintain a rather constant pH independent of the pH of the surrounding 
medium or the enzymes involved in photosynthesis must be independent of 
pH in a very wide range which is rather unlikely. 

It has been shown by Scott 1945 that pH has a marked influence on the 
mineral composition of Chlorella. At a high pH the amount of cations (Ca**, 
Mg**, K*) in the cells increases. At low pH the amount of Ca** and K+ de- 
creases. Some phosphate ions are lost at the same time. This is assumed by 
Scott to be due to the instability in an acid medium of certain phosphate con- 
taining compounds in the cell and to a decrease or an increase in the base- 
binding capacity of cellular constituents. 

According to this the buffering action of the cell due to organic com- 
pounds of amphoteric nature — probably the proteins — is able to neutralize 
the invasion of bases or acids into the cells for some time at least. 

In the long run, however, another mechanism must be assumed to be re- 
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Figure 7. Rates of respiration in Chlorella at pH 4.5 and 8.3 as a function of time. 


sponsible for the prevention of any important change of the pH of the proto- 
plasma. This mechanism works to prevent the invasion of OH- or H* ions. 
After about 1—2 hours when the mechanism is finally established the rate 
of respiration is independent of pH. This seems to indicate that the mechan- 
ism in question — or another one — is able to re-establish the normal pH of 
the protoplasma if any change has taken place. 


It is not possible at present to say anything definitely about the nature 
of the mechanism responsible for the exclusion of H* and OH ions. Since 
it is not momentarily functioning when the cells are transferred to a media 
having either higher or a lower pH, it is very important that the protoplasma 
to some extent is able to neutralize the invasion of H° and OH for some 
time. 


According to the experiments illustrating the influence of the time factor 
— Figures 5—7 — the initial respiratory rates at a pH of about 8—9 are 
lower than the final one whereas the initial rates at low pH are higher. The 
behavior at a very high pH (about 10, see below) is preliminarily left out of 
consideration. It seems that the initial buffering by the mentioned com- 
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pounds of amphoteric nature is insufficient to keep the internal pH absolutely 


constant. 

If the rates of the enzymatic reactions involved in respiration decrease 
when the internal pH increases the initial low rates of respiration in the pH 
range 8—9 are understandable. If on the other hand the optimum pH of the 
enzymatic reactions in question should be a _ittle lower than normally found 
inside the cells the increase of the respira‘ory rate during the initial stay at a 
low pH can be explained as the result cf a sl ght decrease of the internal pH. 
The lower initial rate of respiration at pH 4 compared with that at pH 5 
according to the curve for the first two hours in Figure 6 would thus indicate 
that at an external pH of 5 the nternal pH has just decreased to the optimum 
value whereas at an external pH of 4 where the invasion rate of H° ions is 
higher, the internal pH has decreased so much that it has become suboptimal. 


In quite a number of the series where the influence of the time factor was 
not specially investigated the peak of the pH-dependence curve was found 
about pH 6—7, at which pH the algae had grown before. A typical example 
is, eg. found in series C, Figure 1. It is presumably to be expected that the 
invasion of H* and OH ions is relatively high in these series. The propor- 
tion between the maximum and the minimum rate observed is in any case 
high. 

Most difficult to explain are the relatively high respiratory rates sometimes 
found at a very high pH (series B, Fig. 1 and the initial values, Fig. 5 and 
Fig. 6). It has perhaps something to do with the fact that Chlorella pyre- 
noidosa at a pH above 10 is close to the limit for survival. An emergency 
mechanism requiring energy is perhaps started. 


As mentioned above, the rate of photosynthesis in Chlorella is occasionally 
but not normally dependent on pH. The immediate independence of photo- 
synthesis on pH normally found is presumably an indication that the estab- 
lishment of the mechanism responsible for the exclusion of H* and OH- 
ions is accelerated in light. It is rather likely that the reason for the occa- 
sional behavior when the algae are dependent on pH is to be sought in condi- 
tions effecting a delaying of the establishment of the mechanism in question. 
The depression of the photosynthetic rate at a low pH can be counteracted 
by very high CO, concentrations (see Steemann Nielsen in press). Whether 
this also is the case in respiration under the same conditions has not yet been 
investigated. 

In all an altering of the pH of the surrounding medium appears to give 
rise to several events in the Chlorella cells. The problem may seem rather 
complicated. It is, however, to be hoped that the present investigations may 
stimulate the interest in studying the influence of pH on algal cells. 
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Summary 


The dependence of the respiratory rate of Chlorella pyrenoidosa on pH 
varies greatly in apparently identical series of experiments. 

The pH effects is independent 1) on the method of buffering the media, 
2) on aerobic or anaerobic conditions just before the experiments, and only 
to a slight and apparently unsystematic degree, 3) on the pH at which the 
algae have been cultivated. 

The time factor on the other hand is important. After 1—2 hours treat- 
ment at the various pH the rate of respiration seems to become independent 
of pH. 

The first effect of either a low or a high pH is apparently an invasion of 
either H° or OH ions into the cell. The proteins here being amphoteric 
substances are able to act as buffers at a certain extent for some time. A spe- 
cial mechanism is, however, soon started which prevents any further inva- 
sion of either H° or OH- ions and reestablish the original pH. 

A relatively low rate of respiration at the start of the exposure to a low 
or high pH may be caused by the decrease in .he rate of some enzymatic 
processes involved in respiration, due to insufficient buffering of the proto- 
plasma before the mechanism mentioned above is fully established. 

A relatively high rate of respiration at the start of the exposure to a low 
pH may on the other hand be a consequence of an only slight decrease of 
the internal pH which perhaps normally is sligthly on the alcaline side of the 
optimum for the processes in question. 


The grants made by the Danish State General Research Foundation towards the 
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Introduction 


Hoppe-Seyler (1886) was the first to prove the occurrence of hydrogen 
sulphide in the course of methane fermentation of cellulose by impure enrich- 
ment cultures of anaerobic bacteria. He held that the sulphide arises through 
reduction of sulphate by methane in statu nascendi. Rubentschik (1928) 
showed that the above cultures contain vibrios belonging to the genus Desul- 
phovibrio (Microspira). Further he demonstrated that the lower fatty acids 
(acetic and butyric acid) formed in anaerobic bacterial decomposition of cel- 
lulose may be utilized by these vibrios in reducing sulphate to hydrogen sul- 
phide. Using freshly isolated pure cultures Baars (1930) was able to distin- 
guish the two species Desulphovibrio desulphuricans and Desulphovibrio 
rubentschickii on basis of their power to utilize the lower fatty acids as hydro- 
gen donators in transforming sulphate to sulphide. Strains of the former 
organism are incapable of attacking acetic, propionic and butyric acid, 
whereas in cultures of strains belonging to the latter species a complete oxid- 
ation of these compounds to carbon dioxide and water is brought about pro- 
vided that sufficient amounts of sulphate are present. Consequently acetic, 
propionic and butyric acids are found as end-products of fermentation in cul- 
tures of D. desulphuricans supplied with the respective alcohols (ethanol, 
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n-propanol and n-butanol) as donators of hydrogen, whereas in cultures of 
D. rubentschickii containing the same alcohols no accumulation of fatty acids 
takes place. According to Baars (1930) the last-mentioned species, however, 
includes strains capable of attacking propionic and butyric acid but incapable 
of utilizing acetic acid, this acid thus accumulating in cultures supplemented 
with higher alcohols and fatty acids (n-propanol, propionic acid, etc.) as 
hydrogen donators (Vibrio rubentschickii var. anomalus). 

Baars (1930) studied the sulphide production by D. desulphuricans in lac- 
tate media compared to that in substrates containing a mixture of lactate with 
butyrate and acetate respectively. The amounts of hydrogen sulphide devel- 
oped in the cultures after 7 days of incubation corresponded approximately 
to the quantities of lactate added. Baars (1930) does not mention anything 
about an inhibition of sulphate reduction in the lactate cultures supplemented 
with fatty acids as compared to those supplied with only lactic acid as a 
hydrogen donator and as a source of carbon. Apparently the strain of D. de- 
sulphuricans examined by Baars (1930) might not have shown either a 
marked increase in induction time or a striking decrease in rate of sulphate 
reduction in presence of lower fatty acids. Summarizing, we may according 
to the classical works of Rubentschik (1928) and Baars (1930) distinguish 
the following physiological types as far as the metabolism of lower fatty 
acids with simultaneous reduction of sulphate to sulphide is concerned: 

Typical strains of D. rubentschickii: Complete oxidation of fatty acids to 
carbon dioxide and water. 

Atypical strains of D. rubentschickii (var. anomalus): Incomplete oxid- 
ation of fatty acids to acetic acid, carbon dioxide and water. No decom- 
position of acetic acid. 

Typical strains of D. desulphuricans: No utilization of fatty acids. 

The findings described in the present paper prove the existence of strains 
of D. desulphuricans characterized not only by total inability to attack the 
lower fatty acids but even through .a high sensitivity to the action of these 
acids, pronounced inhibition of growth and sulphate reduction being ob- 
tained in lactate media supplemented with acetate, propionate and n-butyrate 
respectively. 

The strong toxic effect produced by the lower fatty acids upon the strain of 
D. desulphuricans dealt with in the present paper seems to be somewhat sur- 
prising in view of the fact that closely related organisms, as reviewed above, 
are capable of utilizing the same acids in their normal metabolism for reduc- 
tion of sulphate. In this connection it may, however, be called to mind that 
the fatty acids in several cases have been found to exhibit considerable bacte- 
riostatic and fungistatic properties of practical significance, formate (»Ama- 
sil») being successfully used in preparation of silage and propionate being 
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considered a promising preservative for bread, cheese, fruits and vegetables. 
As to the proper literature we refer to Hoffman, Schweitzer and Dalby (1939), 
Eichholtz (1941), Richard and Heinzl (1942), Wolford and Andersen (1945), 
Heseltine (1952), Somm (1953 a and b), Wikén and Zobrist (1953). In some 
cases even the mechanism of the inhibitory action of short chain fatty acids 
is known. Thus King and Cheldelin (1948) have shown that propionate inhi- 
bits growth of strains of Saccharomyces cerevisiae and Acetobacter suboxy- 
dans probably by competing with ß-alanine in cellular synthesis of panto- 
thenic acid. Further, Hill (1952) has reported that propionate may inhibit 
growth of Streptococcus faecalis by combining with coenzyme A to propionyl 
CoA, thereby interfering with the formation of acetate from pyruvate. In this 
connection it is interesting to note that pantothenic acid is a part of the mole- 
cule of this coenzyme (Lipmann et al. 1950, Gregory et al. 1952, Lipmann 
1953). 


Materials and methods 


The organism examined was the Ziirich strain of D. desulphuricans (cf. Wikén 
and Ghose 1954). 

The basal substrate employed for the tests was the synthetic lactate-sulphate me- 
dium of Starkey (1938), modified as to contain 27—41 mM of lactic acid (3.0— 4.5 8. 
of sodium lactate) and 27—35 mM of sulphate (0.3—0.4 g. of Mohr’s salt+2.0 g. of 
magnesium sulphate +5.5—8.5 g. of sodium sulphate) per 1000 ml. in addition to 
ammonium chloride, dipotassium phosphate and calcium chloride (cf. Wikén and 
Ghose 1954). The concentrations of fatty acids tested were 11.6—89.2 mM of acetic 
acid, 7.4—97.3 mM of propionic acid and 10.6—100.3 mM of n-butyric acid per 
1000 ml. of substrate. The initial pH was adjusted to 7.0—7.5. The solution of Mohr’s 
salt (20 per cent by weight) was sterilized separately by Seitz-filtering and added 
aseptically after autoclaving and cooling the media under a current of oxygen-free 
nitrogen. à 

Jena glass bottles (»Jena Geräteglas 20»), each containing 5 litres of liquid me- 
dium, were used as culture vessels. They were sealed anaerobically as described by 
Wikén and Ghose (1954, Figure 1). 

The inoculum used per 1000 ml. of substrate amounted to 5 ml. of a liquid cul- 
ture grown anaerobically (soda-pyrogallol seal) in the above lactate-sulphate medium 
(basal substrate without fatty acids) for 48 hrs. in Experiments 1 and 2 and for 
20 hrs. in Experiment 3. 

All cultures (stock cultures, subcultures used for inoculation, test cultures) were 
incubated in the dark at a temperature of 37° C. 

The methods employed in assaying the rate of metabolism in presence of different 
amounts of fatty acids were the same as described previously (Wikén and Ghose 
1954). Thus lactic acid was determined according to Friedemann, Cotonio and Shaf- 
fer (1927). The fatty acids were identitied and estimated by means of Duclaux distil- 
lation and s’lica gel partition chromatography according to Elsden (1946), after steam 
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distillation and oxidation by the method of Friedemann (1938). Sulphate was deter- 
mined gravimetrically (Treadwell 1930, Kolthoff and Sandell 1947) and sulphide by 
iodometric titration (Starkey 1938). 


Experiments and results 


This work describes the results obtained in typical experiments with proli- 
ferating cells of the Zürich strain of D. desulphuricans in lactate-sulphate 
medium containing single fatty acids in different concentrations. In the last 
experiment reported here the effect produced by n-butyrate is compared to 
that obtained with the same inoculum in parallel cultures supplied with ace- 
tate and propionate respectively. 


Experiment 1 


The rate of metabolism observed in the lactate-sulphate medium without 
addition of fatty acid was compared to that found in parallel cultures supple- 
mented with acetate in concentrations of 11.6, 46 3 and 89.2 mM per 1000 ml. 
respectively. From the results presented in Figure 1 it will be seen that acetate 
has a marked inhibiting effect on the oxido-reduction process carried out by 
growing and multiplying cells of D. desulphuricans. The action of acetate 
manifests itself in prolonging the period of cellular adjustment, in retarding 
the rate of oxido-reduction in the phase of rapid cell multiplication, and in de- 
creasing the maximum amounts of lactate and sulphate consumed as well as 
those of acetate and sulphide produced within reasonable experimental times. 

In this experiment pH varied within the limits of 7.0 and 7.5 during the 
course of fermentation. 


Experiment 2 


This experiment was designed to show the influence of propionate on the 
sulphate reduction by D. desulphuricans in presence of lactate as a hydrogen 
donator. The concentrations of propionate tested were 7.4, 46.8 and 97.3 mM 
per 1000 ml. of substrate. From the results recorded in Figure 2 it may be 
concluded that propionate exhibits a combination of inhibitory effects similar 
to that observed after addition of acetate, thus lengthening the phase of cel- 
lular adjustment, slowing down the maximum rate of oxido-reduction and, in 
higher concentrations, reducing the final degree of metabolism. 

The propionate added was not altacked at all, the amounts found on ana- 
lyzing the culture substrates at different time intervals being on an average 
7.0 (ö=0.4, n=9), 46.9 (ö=0.3, n=9) and 97.5 (d=0.2, n=10) mM per 
1000 ml. 
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Figure 1. Effect of addition of acetate on the rate of sulphate reduction in lactate cultures 
of the Zürich strain of D. desulphuricans. 
Initial concentration of lactate=40.9 mM/l. Initial concentration of sulphate= 
34.6 mM/1. 


a. Lactate consumed. 
b. Acetate produced. 

c. Sulphate consumed. 
d. Sulphide produced. 


I. No addition of acetate. 

II. Acetate added=11.6 mM/l. 
III. Acetate added=46.3 mM/I. 
IV. Acetate added=89.2 mM/I. 


During the course of fermentation the pH of the culture media varied be- 
tween 6.6 and 8.1. 


Experiment 3 


In this experiment we intended to study Ihe effect of n-butyrate on the 
metabolism of D. desulphuricans in the lactate-sulphate medium. Further it 
was interesling to compare this effect to that exerted by acetate and propio- 
nate under identical experimental conditions. Moreover, the experiment was 
designed to give some preliminary information as regards the influence of 
Ihe nature of the inoculum upon the course of sulphate reduction in presence 
of short chain fatty acids. The concentrations of n-butyrate tested were 10.6, 
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Figure 2. Effect of addition of propionate on the rate of sulphate reduction in lactate 
cultures of the Zürich strain of D. desulphuricans. 
Initial concentration of lactate=27.0 mM/l. Initial concentration of sulphate= 
27.8 mM]l. 


a. Lactate consumed. 
b. Acetate produced. 

c. Sulphate consumed. 
d. Sulphide produced. 


I. No addition of propionate. 

II. Propionate added= 7.4 mM]l. 
III. Propionate added=46.8 mM/1. 
IV. Propionate added=97.3 mM]l. 


50.3 and 100.3 mM per 1000 ml. of substrate. Acetate and propionate were 
added in amounts of 44.5 and 45.4 mM respectively per 1000 ml. In seeding 
the media a subculture grown for 20 hrs. was substituted for the 48 hrs. old 
cultures used in Experiments 1 and 2. 

As shown in Figure 3 a very strong inhibition of oxido-reduction takes 
place in the cultures supplemented with n-butyrate, the phase of cellular 
adjustment (initial stationary phase + phase of accelerating growth and multi- 
plication rate) being lengthened over a long period of time and the maximum 
rate of lactate oxidation and sulphate reduction being retarded considerably. 
As a matter of fact the test-organism practically failed to make any growth 
in the media supplied with 50.3 and 100.3 mM of n-butyrate respectively per 


1000 ml. 
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Figure 3. Effect of addition of n-butyrate, acetate and propionate on the rate of sulphate 
reduction in lactate cultures of the Zürich strain of D. desulphuricans. 
Initial concentration of lactate=32.5 mM/l. Initial concentration of sulphate= 
34.3 mM/L. 


a. Lactate consumed. 
b. Acetate produced. 

c. Sulphate consumed. 
d. Sulphide produced. 
I 
II 


. No addition of fatty acid. 

. n-Butyrate added= 10.6 mM/l. 
III. n-Butyrate added= 50.3 mM/l. 
IV. n-Butyrate added=100.3 mM]l. 
V. Acetate added=44.5 mM]l. 

VI. Propionate added=45.4 mM/l. 


The analyses made at different intervals of time showed conclusively that 
the bacterial strain tested is incapable of utilizing n-butyric acid as a hydro- 
gen donator or source of carbon, the concentration of this acid remaining 
constant over the whole period of fermentation. 

Comparing the inhibitions produced on the metabolism of D. desulphuri- 
cans in the cultures with addition of fatty acids in approximately equal con- 
centrations, it appears that n-butyrate is more toxic than acetate and propio- 
nate (50.3, 44.5 and 45.4 mM respectively per 1000 ml. of medium; curves 
HI, V and VI). 

As far as the interference of the inoculum with the short chain fatty acids 
and time is concerned a comparison of the results of Experiment 3 with those 
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of Experiments 1 and 2 indicates that the prolongation of the period of cel- 
lular adjustment induced by the acids at the same concentrations are much 
more pronounced after inoculation with material from a young culture 
(grown for 20 hrs.) containing a comparatively small number of cells than 
after seeding with material from an older culture (48 hrs.). As regards the 
extent of the retardation of maximum rate of oxido-reduction on the other 
hand no influence due to the different age and growth stage of the subcul- 
tures used for inoculation was observed. 

The extreme pH values found in this experiment during the course of fer- 
mentation were 6.0 and 7.6. 


Discussion 


It is beyond the scope of this work to deal with a detailed analysis of the 
nature of the mechanism for the inhibition exerted by the short chain fatty 
acids on the sulphate reduction by D. desulphuricans in presence of lactate 
as a hydrogen donator. An attempt will be made, however, to discuss this 
mechanism taking into consideration our knowledge about the chemical and 
physical properties of the fatty acids, some general views on the nature of the 
physiological, particularly antimicrobial action of these compounds and re- 
cent theories on the nature of cellular uptake of molecules and ions. 

The lower fatty acids are weak acids having an average pK value of about 
4.8. This means that they exist to a great extent as undissociated molecules 
(free acid) at low pH values but as anions (highly dissociated salt) at high 
pH values. The undissociated molecules are more or less lipoid soluble and 
pass into the cells through the lipoid layer of the cytoplasmic membrane at a 
rate dependent on their solubility therein and on their outside concentration. 
Therefore the power of the fatty acids to enter cells by the lipoid route is 
comparatively strong in acid solutions but weak in neutral or alkaline solu- 
tions (cf. Héber 1945). As mentioned above the initial pH of the culture 
media used in Experiments 1—-3 varied between 7.0 and 7.5. Hence, it seems 
probable that the fatty acids tested only to a small extent penetrate into the 
cells of D. desulphuricans along the path formed by the lipoid components of 
the surface membrane. 

It is well known that a great number of organic substances are able to enter 
living cells, though their molecules are practically lipoid insoluble. Further, it is 
a well-established fact that mineral salts are absorbed from the medium as ions, 
not as ion pairs or undissociated molecules (cf. Lundegärdh 1935, Höber 1945). In 
order to explain these phenomena which conclusively show the inadequacy of the 


Meyer-Overton lipoid theory, another theory, viz. the pore or sieve theory, has been 
proposed. It states that the plasma membrane resembles a sieve or an ultrafilter with 
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pores of various widths allowing the lipoid insoluble substances to pass into the cell 
according to the diameter of their molecules. On the suggestion of Collander and 
Bärlund the two theories have been combined into one, the lipoid-sieve theory. It 
presents the plasma membrane as a mosaic composed of lipoid areas and porous or 
sieve-like areas. The extent of lipoid and porous surface on a membrane in addition 
to the chemical and physical properties of the lipoid substance and the assortment 
of graded pore sizes control the nature of cell permeability, either the lipoid solu- 
bility or the molecule diameter being the dominant factor in considering the way of 
entrance of a substance into the cell (cf. Höber 1945). Paying regard to the com- 
paratively low lipoid solubility of the lower fatty acids with a chain not longer than 
Ca and further to the fact that the penetration of these compounds into the cell along 
the lipoid path is difficult at the high pH values of the media used in the present 
investigation, we may assume that the acids tested enter the cells of D. desulphuricans 
mostly by passing as anions across the pores of the plasma membrane. Now it must 
be noted, however, that bacteria normally carry a negative charge under physiological 
conditions of pH. Further, detailed studies of the electrokinetic properties of bacteria 
have shown that young cells are more electronegative than adult cells (cf. Dubos 
1947, Knaysi 1951 b). Not only the surface of the bacterial cells is negatively charged 
but their protoplasm as a whole due to its high content of nucleoproteins (50—80 
per cent of the dry matter; cf. Knaysi 1951 a) and the very great proportion of 
free or bound ribonucleic acid in the cytoplasm, the concentration of this acid be- 
ing at its maximum in growing and multiplying cells under favourable nutrient con- 
ditions (cf. Knaysi 1951 b). Owing to the negative charge of the surface and cyto- 
plasm of bacteria cations may be taken up from the medium and accumulated in 
the cells by adsorption and ion exchange. In fact cationie exchange reactions be- 
tween living cells and their liquid medium have been conclusively demonstrated in 
experiments with various bacteria, algae, protozoa, and roots of higher plants. On 
addition of inorganic salts to the medium the cells are capable of adsorbing the 
metallic cations in exchange for the hydrogen ions present in the surface layer of 
the cell membrane. The cations thus adsorbed may be replaced by a number of 
other positively charged ions on supplementing the medium with the respective salts, 
the extent of ionic replacement being controlled by the concentration of the ions 
and by their degree of adsorbability (cf. Dubos 1947, Lundegärdh 1935, 1939, 1940 a, 
1945, 1947). Of course the mechanisms mentioned do not apply only to cations but 
also to anions. Thus the anions of mineral salts may be adsorbed by bacteria in 
exchange of hydroxyl or bicarbonate ions present in the surface layer of the cells. 
Owing to the dominating negative charge of the surface membrane and cytoplasm 
of bacterial cells the uptake and accumulation of anions cannot, however, take place 
as »passively» as outlined above, but require supply of energy liberated in meta- 
bolic reactions. On basis of results obtained in experiments on the mineral nutrition 
of wheat roots Lundegärdh and Burström have proposed the theory of anion re- 
spiration (Lundegärdh and Burström 1933, Lundegärdh 1935, 1937, 1939, 1940 a 
and b, 1945, 1947). According to this theory the metabolic energy used up in the 
processes of »active» uptake and accumulation of anions by root cells against the 
potential and concentration gradients is furnished by aerobic respiration of sugar. 
The anion respiration is supposed to be a complete oxidation of the sugar yielding 
carbon dioxide and water. The energetie coupling of this process with the uptake 
and accumulation of anions is proved by the sensitivity of both reactions to the inhi- 
biting action of eyanide and azide (Lundegärdh 1945, 1950). The experimental data 
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indicate the existence of a low, active anion absorption in wheat roots even under 
anaerobic conditions. According to Lundegärdh (1940 a) it seems probable, how- 
ever, that the energy liberated in anaerobic dissimilation of sugar is too small to 
serve for running an anion uptake and accumulation of practical importance to the 
wheat seedlings. Finally it may be noticed that the idea of active transfer, ac- 
cumulation and retention of salts in plant and animal tissues against the concentra- 
tion gradient, utilizing the fraction of the metabolic energy which is released in 
eyanide-susceptible aerobic (O2-consuming) dissimilation of carbohydrates, has been 
proposed also by Steward, Hoagland, Broyer and other authors (cf. Höber 1945, 
Lundegärdh 1947). In recent investigations Lundegärdh (1951 a and b, 1952) has 
demonstrated the presence of the cytochrome-cytochrome oxidase system in living 
roots of wheat and corn and its relation to the anion respiration and the active 
absorption of salts by the roots under aerobic conditions. 

As mentioned above the anaerobic breakdown of sugar (fermentation) is consi- 
dered an insufficient source of energy for a normal functioning of the mechanism 
of active transfer, accumulation and retention of ions in cells of wheat roots. In this 
connection it must be kept in mind, however, that the roots examined are parts of 
strongly aerobic organisms. In our view the very low efficiency of the active absorp- 
tion of anions by wheat roots under anaerobic conditions must not necessarily be 
interpreted in terms of energy as a specific effect produced directly upon the process 
of ion uptake, but may also be due to a nonspecific effect manifesting itself as an 
injury to the cytoplasm or structures of the aerobic cells in general. Moreover, the 
aerobic root systems may be deficient in substances capable of acting as chemical 
mediators (van Niel, Lipmann, Kalckar; cf. Umbreit 1951) in the energetic coupling 
of fermentation (anaerobic dissimilation of sugar) and active anion absorption. In 
other words, the aerobic root cells contain the specific compounds capable of absorb- 
ing the energy released in aerobic respiration of sugar, storing this energy in their 
own structures (with formation of energy-rich bonds), and furnishing it to the 
physiological work done in active transfer, accumulation and retention of anions. 
The aerobie cells do not contain, however, the corresponding compounds linking the 
last processes to fermentation. 


Applying the modern concepts of cell permeability and physiological ener- 
getics as reviewed above to the particular problem discussed in the present 
work, we may assume that the fatty acids tested enter the negatively charged 
cells of D. desulphuricans mostly by active absorption of their anions from 
the approximately neutral medium. This process is supposed to utilize some 
fraction of the energy released in fermentation, the strictly anaerobic cells 
of D. desulphuricans containing the chemical mediators essential for the 
energetic coupling of anaerobic dissimilation with active anion uptake. As- 
suming the lipoid-sieve theory of structure of plasma membrane to be valid, 
the active anion absorption takes place in the porous areas of the cell sur- 
face (cf. above). 

In our discussion we have so far assumed that the inhibitory effect pro- 
duced by short chain fatty acids upon growth of the Zürich strain of D. de- 
sulphuricans is due to a toxic action by molecules and ions of these acids be- 
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ing present inside the cytoplasmic membrane. This assumption seems 
reasonable in view of the following facts: The lower fatty acids with a car- 
bon chain not longer than C, are anionic surface active agents causing lytic 
effects upon erythrocytes not stronger than those obtained with ammonium 
chloride (cf. Héber 1945). Lowering of pH favours the lytic influence, where- 
as an increase in pH weakens it. This corresponds to the lipoid solubility of 
the undissociated molecules and to the increase in their concentration with 
decreasing pH. Further, it has been shown conclusively in experiments with 
various molds (Aspergillus, Penicillium, Rhizopus), yeasts (Saccharomyces, 
Torula) and bacteria (Lactobacillus, Proteus, Sarcina, Staphylococcus) that 
the fungistatic and bacteriostatic action of acetate, propionate and n-butyrate 
varies strongly with pH of the culture substrate, being greater at low than at 
higher pH values. Concentrations of the short chain fatty acids stopping 
growth of a certain organism completely at pH values of 3.0 to 4.0 do not 
induce any retardation at all in rate of growth of this organism at a pH of 
6.0 to 7.0 (Hoffman, Schweitzer and Dalby 1939, Wolford and Andersen 
1945; cf. also Heseltine 1952). Thus there are microorganisms in which the 
growth-inhibiting action of the lower fatty acids varies in proportion to the 
lipoid solubility and lytic influence as related to the effect of pH of the 
media. As just mentioned these organisms are, however, not or only slightly 
susceptible to acetic, propionic and n-butyric acids within the pH range 7.0 
—7.5 while the Zürich strain of D. desulphuricans shows a very high sensi- 
tivity in this pH range in so far as lengthening of the period of cellular adjust- 
ment and decrease in rate of sulphate reduction in the phase of rapid cell 
multiplication is concerned. This speaks in favour of the view that the toxic 
effect exerted by the lower fatty acids upon the organisms examined by Hoff- 
man et al. (1939) and Wolford and Andersen (1945) differs from that pro- 
duced on the cells of D. desulphuricans with respect to the mechanism for 
penetration of the cytoplasmic membrane. However, in both cases it seems 
probable that the inhibiting action may be ascribed to molecules or anions 
of the acids being present in the interior of the cells. This assumption is 
further supported by the fact that a closely related organism (D. rubent- 
schickit; cf. introduction) is capable to utilize the same acids as hydrogen 
donators in reduction of sulphate to sulphide in neutral or slightly alkaline 
media. Moreover, the strictly anaerobic methane bacteria are able to break 
down the short chain fatty acids at approximately neutral pH values by 
decarboxylation (acetic acid) and by an oxido-reduction process analogous to 
that of the sulphate reduction, viz. the transformation of carbon dioxide to 
methane, the fatty acids (acetic, propionic and n-butyric acids) acting as 
donators and carbon dioxide (bicarbonate ion) as acceptor of hydrogen (Bar- 
ker 1936 and b, 1949). The formation of sulphide and methane from sul- 
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phate and carbon dioxide respectively are undoubtedly intracellular processes 
(cf. Barker 1949). The concerned organisms are probably capable of active 
absorption of anions from neutral and slightly alcaline solutions (pH 7.0— 
8.6; cf. Postgate 1951). 

In connection with our discussion of the mechanism of the inhibiting ac- 
tion of the short chain fatty acids on growth of the Zürich strain of D. desul- 
phuricans at neutral and alkaline pH values, we cannot neglect considering 
the conception of specific long-range enzyme forces postulated by Rothen 
(1947, 1948). According to this author enzymes and substrate proteins might 
react specifically, although separated by screens of inert material having a 
thickness of 200 Ängström units. In so far as the physiological activity of bac- 
teria is concerned this would mean that enzymes present in the interior of the 
cells might be able to act through the thin cell membrane on substrate mole- 
cules in the surrounding medium. Besides the fact that the substrate mole- 
cules involved in the process of bacterial sulphate reduction are micromole- 
cules, the hypothesis of interaction between enzymes and their substrates 
through screening films by means of specific long-range forces seems to be 
doubtful at this time in view of the critical evidence presented by several 
authors showing that a close contact of the enzyme with the substrate is 
effected under the experimental conditions applied (Karush and Siegel 1948, 
Iball 1949, Trurnit 1950, Singer 1950). 

In trying to localize the site of the growth-inhibiting action exerted by the 
lower fatty acids after their passage into the cells of D. desulphuricans, we 
are faced with great difficulties because of the fact that the protoplasm con- 
tains an immense number of highly reactive components, rendering the inter- 
ference by a great many mechanisms possible and also minimizing the 
chances of easily finding the cell functions most susceptible to the inhibiting 
action of the agents tested. Further, at present very little is known about the 
specific enzyme systems involved in the process of bacterial sulphate reduc- 
tion with lactate as a hydrogen donator. Therefore we must restrict our dis- 
cussion to speculations on some likely mechanisms for bacteriostatic and 
bactericidal action. 

Senez (1951) has demonstrated that pyruvic acid is utilized by D. desul- 
phuricans as a source of carbon for growth and as a donator of hydrogen for 
sulphate reduction. This indicates that pyruvate may act as an intermediate 


in the lactate metabolism: 


CH, -CHOH:-COOH> CH, :CO:COOH+2H (used up in reduction 
of sulphate) 


The pyruvate thus formed may be converted 10 acetic acid via various 


reactions, e.g.: 
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1. CH, : CO : COOH+H,0 > CH, : COOH +H : COOH 
H:COOH— CO, +2 H (consumed in reduction of sulphate) 


The anaerobic splitting of pyruvate to acetate and formate was originally 
supposed to be a hydroclastic reaction as expressed above. Later it was con- 
sidered to be a phosphoroclastic reaction involving the formation of acetyl 
phosphate as an intermediate (Utter and Werkman 1944, Utter, Lipmann and 
Werkman 1945): 

CH, : CO : COOH+H,PO, > CH, : CO : OPO,H, +H : COOH 


It has now been shown to require the presence of coenzyme A in its sulf- 
hydryl form (HSCoA) and a phosphotransacetylase (Lipmann, Kaplan, No- 
velli, Tuttle and Guirard 1947, 1950, Kaplan and Lipmann 1948, Chantrenne 
and Lipmann 1950, Stadtman and Barker 1950, Korkes, del Campillo, Gun- 
salus and Ochoa 1951, Stadtman, Novelli and Lipmann 1951, Lynen and Rei- 
chert 1951, Lynen, Reichert and Rueff 1951, Stadtman 1952, Lipmann 1953): 


CH, : CO : COOH + HSCoA = CH, : CO : SCoA + H : COOH 

CH, : CO : SCoA +H,PO, = CH, : CO : O : PO,H, + HSCoA 
2. CH, : CO : COOH +H,0 — CH, : COOH+CO, +H, 

H, = 2 H (used up in reduction of sulphate) 


The process of anaerobic cleavage of pyruvate to acetate, carbon dioxide 
and hydrogen has been postulated because of the fact that certain bacteria, 
e.g. Clostridium butylicum, break down pyruvate with formation of these 
end-products, although they are incapable of liberating hydrogen from for- 
mate (Koepsell and Johnson 1942, Koepsell, Johnson and Meek 1944, Wilson, 
Krampitz and Werkman 1948). In this type of anaerobic pyruvate decompo- 
sition formate apparently does not act as an intermediate. The reaction re- 
quires phosphate and is considered to be a phosphorolysis of pyruvate yield- 
ing acetyl phosphate and gas: 

CH, : CO : COOH+H,PO, > CH, -CO-OPO,H,+CO,+H, 


In view of the close relationship of coenzyme A to the »active acetate», 
»aclive 2-carbon residue» or »labile phosphate» it seems probable that this 
enzyme plays a rôle in the mechanism of phosphoroclastic breakdown of 
pyruvate resulting in acetate, carbon dioxide and hydrogen. 

3. CH; : CO : COOH > CH, : CHO+CO, 

CH; CHO+H,0 + CH,:COOH+2H (consumed in the reduction of 
sulphate) 


Assuming that acetaldehyde arising in decarboxylation of pyruvate (di- 
phosphothiamine as a coenzyme) acts as a donator of hydrogen, cyoenzyme A 
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might be supposed to be involved in the reduction of sulphate, It has been 
shown that the aldehyde dehydrogenase present in cell extracts of the strict 
anaerobe Clostridium kluyverii catalyzes the following reaction (Burton and 


Stadtman 1953, Lipmann 1953, Stadtman and Stadtman 1953, Anfinsen and 
Kielley 1954) : 


CH, : CHO +HSCoA + DPNt— CH, : CO : SCoA+ DPNH+H* 
(DPN=diphosphopyridine nucleotide) 


The diphosphopyridine nucleotide system might then act as a hydrogen 
donator through a chain of reactions linking it to the process of sulphate re- 
duction: 


DPNH+H* = DPN*+2H (used up in reduction of sulphate) 


4. CH;:-CO-COOH+HSCoA+ DPNt— CH, :-CO-SCoA+CO,+ 
-+DPNH+H* 
DPNH+H* = DPN*+2H (consumed in reduction of sulphate) 


Several authors working with extracts of cells of animal tissues and facul- 
tative anaerobes (Escherichia coli, Streptococcus faecalis) have agreed that 
the over-all reaction of a-keto acid oxidation may be formulated as shown 
above (Korkes, del Campillo, Gunsalus and Ochoa 1951, Korkes, del Campillo 
and Ochoa 1952, Ochoa and Stern 1952, Littlefield and Sanadi 1952, Lip- 
mann 1953, Slator 1953, Anfinsen and Kielley 1954). In presence of phospho- 
transacetylase and orthophosphate acetyl phosphate is formed: 


CH, : CO : SCoA+H,PO, = CH, - CO : OPO,H, +HSCoA 


Diphosphothiamine is required in addition to coenzyme A, diphosphopyri- 
dine nucleotide and an acetyl acceptor system. This suggests that decarboxyla- 
tion of pyruvate to acetaldehyde (reaction 3) might be an intermediate reac- 
tion (Ochoa and Stern 1952, Slator 1953). 

From the findings summarized above it is evident that coenzyme A in its 
sulfhydryl form plays an important röle in the anaerobic conversion of pyru- 
vate to acetate and carbon dioxide, acetyl coenzyme A functioning as an inter- 
mediate in this reaction. In the cells of microorganisms the acetylation of 
this coenzyme may, however, also be brought about in presence of acetate 
and adenosine triphosphate (ATP) as follows (Lipmann, Jones, Black and 
Flynn 1952, Lipmann 1953, Stadtman and Stadtman 1953, Anfinsen and Kiel- 
ley 1954): 

ATP-+acetate+HSCoA = acetyl SCoA+AMP +pyrophosphate 
(AMP =adenosine monophosphate) 

ATP +acetate + HSCoA = acetyl SCoA + ADP +phosphate 
(ADP =adenosine diphosphate) 
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Moreover, the butyryl derivative of coenzyme A may be synthesized in pre- 
sence of butyrate and CoA transphorase catalyzing the following reaction 
(Stadtman 1953, Stadtman and Stadtman 1953, Lipmann 1953, Anfinsen and 
Kielley 1954): 

acetyl SCoA-+butyrate = butyryl SCoA + acetate 


lt has been shown that the propionyl derivative may be formed by way of an 
analogous reaction: 


acetyl SCoA-+ propionate X propionyl SCoA + acetate 


In view of the fact that the above reactions take place in cell extracts of 
strictly anaerobic bacteria, the possibility of a competition between the fatty 
acids and pyruvate for the sulfhydryl group of coenzyme A might be taken 
into consideration as a working hypothesis in investigations on the growth- 
inhibiting effect exerted by acetate, propionate and n-butyrate on the cells 
of D. desulphuricans. It is well known that in cases of competitive inhibition 
the degree of the effect is related not only to the concentrations of substrate 
(lactate and pyruvate) and inhibitor (acetate, propionate and n-butyrate) but 
also to the total amount of enzyme present in the cells incorporated into the 
media as inoculum. Further, the inh bitory effect is dependent on the affinity 
of the substrate and that of the inhibitor for the enzyme molecules. This in 
addition to the particular difficulties met with in considering the different 
factors controlling cell permeability makes a great number of carefully plan- 
ned experiments necessary for solviig ‘he problems outlined in the present 
discussion. 


Summary 


The present work deals with the effects produced by short chain fatty acids 
on sulphate reduction in proliferating cultures of a freshly isolated strain of 
Desulphovibrio desulphuricans. 

All experiments were carried out with strictly anaerobic cultures (oxygen- 
free nitrogen, addition of Mohr’s salt, mercury-sea! tube) grown at a tem- 
perature of 37° C on the synthetic lactate-sulphate medium of Starkey (1938), 
modified as to contain 27—41 mM of lactic acid and 27—35 mM of sulphate 
per 1000 ml. The initial pH was adjusted to 7.0—7.5. The extreme pH values 
observed during the course of fermentation were 6.0 and 8.1. The fatiy acid 
concentrations tested amounted to 11.6—89.2 mM of acetic acid 7.4— 


97.3 mM of propionic acid and 10.6—100.3 mM of n-butyric acid per 1000 ml. 
of culture substrate. 
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The rate of metabolism was estimated by analyzing the culture substrates 
at intervals for sulphate, sulphide, lactic acid and fatty acids (acetic acid, 
acetic acid+propionic acid, acetic acid+n-butyric acid). 

Under the experimental conditions applied the Zürich strain of D. desul- 
phuricans is incapable of utilizing the fatty acids tested as a source of carbon 
for growth or as a donator of hydrogen for sulphate reduction. 

Acetate, propionate and n-butyrate have a marked inhibiting action on the 
sulphate reduction carried out by growing and multiplying cells of D. desul- 
phuricans in presence of lactate as a carbon source and hydrogen donator. 
The inhibtory effect manifests itself in prolonging the period of cellular 
adjustment (initial stationary phase + phase of accelerating growth and multi- 
plication rate), in retarding the rate of oxido-reduction in the phase of rapid 
cell multiplication (maximum rate) and in some cases in decreasing the 
maximum amounts of lactate and sulphate consumed as w Il as those of ace- 
tate and sulphide produced within reasonable experimenta periods. In cul- 
tures supplied with single fatty acids in approximate y -qual concentrations 
the inhibition produced with n-butyrate is stronger than thet observed in pre- 
sence of acetate or propionate. 

The inhibitory effects thus observed were discussed in he light of our 
knowledge about the chemical and physical properties of the short chain fatty 
acids (lipoid solubility, dependence on electrolytic dissociation) and recent 
theories on cell permeability and its relation to the chemical and physical 
structure of the cell membrane (lipoid theory of Meyer and Overton, lipoid- 
pore or lipoid-sieve theory of Collander and Barlund ‘he ‘heory of anion 
respiration and active anion uptake proposed by Lundeg:rdh and Burström). 
Further, some general views on the nature of enzyme and inhibitor action 
(action of chemical mediators in energetic coupling of enzymatic reactions, 
intracellular action with intimate contact between enzyme and _ substrate, 
existence of specific long range enzyme forces according ‘0 Rothen, anionic 
surface active agents, theory of competitive inhibition) and the modern theo- 
ries on the mechanism o: lactate and pyruvate dissimilation under anaerobic 
conditions (action of coenzyme A in its sulfhydryl form according to Lip- 
mann, Lynen. Barker, Stadtman, Gunsalus, Ochoa and others) were taken 
into consideration. On basis of the discussion a working hypothesis was pro- 
posed about the mechanism of the inhibiting action exerted by the lower 
fatty acids on growth and sulphate reduction in cultures of D. desulphuricans 
on lactate media at approximately neutral pH values. According to this hypo- 
thesis the short chain fatty acids are adsorbed on the cell surface by anion 
exchange. They enter the cytoplasm of the negatively charged cells as anions 
across the porous areas of the cell membrane. The energy used up in this 
active uptake of anions against a potential gradient is furnished by fermen- 
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tation, factors capable of acting as chemical mediators in the energetic coup- 
ling of the two processes under strietly anaerobic conditions being present in 
the cells. It is further assumed that the intracellular conversion of lactate to 
acetate proceeds via pyruvate as an intermediate. The formation of acetate 
from pyruvate is supposed to be catalyzed by coenzyme A in its sulfhydryl 
form, the acetyl derivative of the coenzyme functioning as a precursor of ace- 
tate. In presence of adenosine triphosphate this mercaptoester may, however, 
also be synthesized from acetate. Further the corresponding propionyl and 
butyryl derivatives of coenzyme A may be formed from propionate and buty- 
rate, respectively, by the action of a transphorase system. This suggests that 
the inhibition of sulphate reduction observed in cultures of D. desulphuricans 
supplemented with acetate, propionate and n-butyrate might be due to a 
competition between the fatty acids and pyruvate for the sulfhydryl group of 
coenzyme A. 
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Introduction 


The nitrifying bacteria are able to synthesize their cell material entirely 
from inorganic compounds, i.e. they are true autotrophic organisms. How- 
ever, as growth of the bacteria in liquid mineral medium and on silica-gels is 
rather scanty, it has been supposed that one or more growth factors might 
be essential. Now and then different workers (Winogradsky and Omeliansky, 
1899; Murray, 1923; Hes, 1937) have reported that soil extract and other un- 
defined organic infusions accelerate nitrification. Fred and Davenport (1921) 
found that a preparation of egg albumen (» Nährstoff-Heyden») stimulated 
nitrification when added to cultures of the bacteria, and later Kingma Boltjes 
(1934) observed that colonies of both Nitrosomonas and Nitrobacter on 
washed agar plates became larger when this compound was added. The effect 
of urine, yeast extract, soil extract, thiamine and ß-indolylacetic acid of nitri- 
fication in mixed cultures of nitrifiers and heterotrophic bacteria was tested 
by Meiklejohn (1953), but no stimulation was observed. Lees (1954) noted an 
irregular reduction in the lag period of Nitrosomonas when biotin was added 
to the media. 

The present investigation comprises the effect of a series of B-vitamins, 
amino-acids, potato extract, and sterilized and nonsterilized soil on nitrifica- 


tion by Nitrosomonas europaea in pure culture and in mixed culture with 
heterotrophic soil bacteria. 
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Materials and methods 


Bacteria. A strain of Nitrosomonas europaea received from Dr. H. L. Jensen, The 
State Laboratory of Plant Culture, Lyngby, Denmark, was used for all pure culture 
experiments. The mixed cultures were the result of an attempt to isolate Nitrosomonas 
in pure culture from garden soil by ordinary dilution technique. By this procedure a 
stable population of ammonia-oxidizers of the Nitrosomonas-type and three hetero- 
trophic bacteria was obtained. It was not possible to isolate Nitrosomonas from these 
cultures either by further dilution or by plating on mineral silica-gels. The hetero- 
trophic bacteria could, however, easily be isolated from nutrient agar. The hetero- 
trophs were studied in pure cultures and found to be (1) Pseudomonas sp. (am- 
bigua ?), (2) Pseudomonas sp. (differing from (1) in being able to ferment maltose 
but not arabinose, and to acidify and coagulate litmus milk), and (3) Hyphomicro- 
bium vulgare, previously found to live in close association with nitrifying bacteria 
(Stutzer and Hartleb, 1899; Kingma Boltjes, 1934). 

Media. A basal mineral medium (A) was made up from (NH,), SO, : 4g; MgSO, - 
-7H,0:0.125g; NaCl: 0.125 g; FeSO, - 7 H,O : 0.0025 g; MnSO, : 4 H,0 : 0.0025 g; 
Hoagland trace mineral solution 1 ml, tap water 1000 ml. A small amount of calcium 
carbonate was added to each culture vessel. The media were autoclaved at 150° for 
20 min. Final pH was 8.0 (glass-electrode). 

Another medium (B) was prepared from autoclaved medium A (minus CaCO,) by 
addition of 1’ per cent glucose (sterilized by filtration) and a small spatula of equal 
weights of calcium carbonate and garden soil previously sterilized by heating at 150° 
for 3 hours. This medium was used only for mixed culture experiments. 

All cultures were grown in 20 mm wide test-tubes containing 4 ml of medium and 
incubated at 28°. 

Vitamins. The following vitamins were tested: Thiamine (0.07 and 5 ug/ml), ribo- 
flavin (0.5 ug/ml), biotin (0.0003 ug/ml), p-aminobenzoic acid (2 pg/ml), nicotinamide 
(1 and 40 ug/ml), pyridoxin (1 ug/ml), pantothenic acid (0.0025 ug/ml), B,, (0.1 
ug/ml), and a mixture of all eight vitamins together, the components being present 
in the same concentration as above (thiamine and nicotinamide in the lowest con- 
centrations only). The vitamins were sterilized separately by autoclaving or by filtra- 
tion through Seitz filters, and added aseptically to the media before inoculation. 

Amino-acids. Glutamic acid, tryptophan, phenylalanine, tyrosine and histidine 
were tested. The amino-acids also were autoclaved separately and subsequently added 
to the media, giving a uniform concentration of 100 ug per ml. 

Potato extract and soil. The potato extract was prepared from freshly harvested 
potatoes. 100 g of potato was minced with 100 ml of tap water in a Waring Blendor 
for 5 min. and the juice thus obtained was thereafter filtered, firstly through paper 
and finally through a Seitz filter giving a sterile, clear and light brown liquid. 
0.2 ml of this extract was added to medium A. 

Finally the effect of adding garden soil directly to the media was tested. Aliquots 
of 0.1 g of air-dried soil were partly autoclaved together with 4 ml of medium A, and 
partly added untreated to the sterile medium. 

Nitriteestimations. The effect of the different compounds on nitrification was esti- 
mated by the rate of nitrite production by Nitrosomonas. Measurements were made 
5 and 10 days after inoculation by reading the intensity of the Griess-Ilosway reaction 
in a Coleman spectrophotometer. All figures in the tables represent averages of 
duplicate or triplicate cultures. 
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Table 1. Effect of B-vitamins on nitrification. — The vitamin components in the mixture 
was represented in the same concentration as when added alone. (Thiamine 0.07 ug/ml; 
nicotinamide 1 ug/ml). 


ug NO,-N per ml formed in 
‘aul son i it. Med. Almixed cult. Med. B 
Vitamin added yg/ml pure cult. Med. A |mixed cult. Med. 

5 days | 10 days | 5 days | 10 days | 5 days | 10 days 
Nonea een — 20 80 20 95 20 65 
DRIAMINER. essen: 0.07 20 85 20 95 15 30 
0 Bee 5 20 40 — — — — 
Riboflavin nn... een: 0.5 20 85 15 90 15 65 
p-aminobenzoic acid 2 25 80 15 90 15 65 
Pyridoxin ......2...00. 1 20 85 15 80 20 40 
Biotin 2-27 acte 0.0003 15 70 25 90 15 45 
Pantothenic acid ...... 0.0025 20 100 15 80 20 50 
Bee vers 0.1 20 80 15 85 20 35 
Nicotinamide _......... 1 20 85 20 80 20 65 
a M Bee tes eo || Ta). 25 60 — — — — 
B-vitamin mixture ... 15 60 20 90 20 60 

Results 


Table 1 shows that addition of B-vitamins to cultures of Nitrosomonas does 
not influence the rate of nitrification. Neither stimulation nor inhibition could 
be significantly detected in pure and mixed cultures in the inorganic me- 
dium (A). There seemed, however, to be some inhibition by 5 ug/ml thiamine, 
and a slight stimulation by pantothenic acid. In some cultures a significant 
stimulation was found when biotin and thiamine were added together, but 
the findings could not be reproduced. Further it should be mentioned that in 
recent experiments colony formation on washed agar media (Difco Special 
Agar Noble) seems to be accelerated when biotin is added. 

It was supposed that a growth factor might be essential for one or more of 
the heterotrophs to produce another growth factor essential for the nitrifier, 
but different from the B-vitamins tested here. But as medium A will give only 
scanty growth of the heterotrophic bacteria this scheme could not be justi- 
fied. The introduction of glucose as an organic carbon-source, as well as a 
small portion. of soil, into the inorganic medium resulted in an abundant 
growth (with predominance of the maltose fermenting Pseudomonas sp.) in 
all cultures, but nitrification, as measured by nitrite production, was not 
stimulated. On the contrary nitrification seems to be depressed to some 
extent. Recent experiments with the inorganic nitrogen metabolism of the 
heterotrophic bacteria taking part in the mixed cultures show that all of 
them are able to metabolize nitrite when this ion is added to pure cultures in 
diluted broth. The appearent small depression of nitrite production in the 
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Table 2. Effect of amino-acids on nitrification. 
Te TEE BEE ee Se A ee 


Hg NO,-N per ml formed in 

Amino-acid added | Cone. pg/ml pure culture, med. A mixed culture, med. A 

5 days 10 days 5 days 10 days 
NOTE ere rastet — 30 100 30 105 
ie MCU 2 crea 100 15 45 25 75 
EEYROSINe Ge ta 100 0 0 0 55 
Glutamic acid ......... 100 0 30 5 30 
Phenylalanine....... .. 100 0 0 10 55 
Erypiopbanr....ae 100 5 70 15 50 


glucose-soil-media in the present experiments therefore could be due to re- 
moval of nitrite by the heterotrophs. No conclusions could therefore be drawn 
from the results obtained in medium B. 

In the amino-acid experiment (Table 2) it is shown that all compounds 
tested inhibit nitrification in pure cultures of Nitrosomonas. At the concen- 
trations employed, tyrosine and phenylalanine are so toxic to the organism 
that no nitrification takes place at all. The toxicity is, however, abolished in 
the mixed cultures, which could be explained as metabolisation of these com- 
pounds by the heterotrophic bacteria. Glutamic acid and tryptophan added 
to pure cultures inhibited nitrification at first, as did tyrosine and glutamic 
acid in mixed cultures, but after 10 days the inhibiting effect seems to be re- 
duced. Jensen (1950) found that 1.5 per cent (15.000 ug/ml) of glutamic acid 
added to cultures of Nitrosomonas europaea only slightly inhibited nitrifica- 
tion. However, the strain used in Jensens experiments was isolated from 
manure and appeared to tolerate much higher concentrations of organic com- 
pounds than strains used by other workers. Lees (1952) found that histidine 
was highly toxic at a concentration of 5X10-% M (775 ug/ml) in a 3 hours 
experiment with washed cell suspensions of Nitrosomonas. On the other hand, 


Table 3. Effect of potato extract and garden soil on nitrification in mixed cultures. 


Medium A. 

pg NO,-N per ml formed in | 

Addition aS See RT | 

5 days | 10 days | 

| 
NOS Eee RE ave 10 
APO LONE NULACE Meer denen eos an ee sia.s nie se 35 65 
Soil fautoclaved ru Hs. 35 ea 
HE tinsterilized) zer. es enenenuerte 0 19° 
fu. (ao other inoculumM I... 15 15 


1 Nitrate present 
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Lees found no inhibition with the same concentrations of tyrosine, glutamic 
acid, phenylalanine and tryptophan. As conditions in Lees experiments are 
different from those employed in the present investigation the results could 
not easily be compared. In the present experiment nitrification could take 
place and amount to 50 per cent in pure cultures with 100 ug histidine added 
per ml. 

The addition of potato extract and soil to mixed cultures did not change 
the rate of nitrification. When the soil added was not sterilized, nitrate ap- 
peared in the cultures. This, of course, was expected as nitrite-oxidizing bac- 
teria are normal habitants in garden soil. 


Summary 


Thiamine (0.07 and 5 ug/ml), riboflavin (0.5 ug/ml), biotin (0.0003 ug/ml), 
p-aminobenzoic acid (2 pg/ml), nicotinamide (1 and 40 ug/ml), pyridoxin 
(1 ug/ml), pantothenic acid (0.0025 ug/ml), B,, (0.1 ug/ml), and a mixture of 
these vitamins did not affect the nitrification of Nitrosomonas neither in pure 
culture nor in association with heterotrophic soil bacteria from enrichment 
cultures of the ammonia-oxidizing autotroph. 

100 ug/ml of tryptophan, glutamic acid and histidine slightly inhibited 
nitrification in pure cultures; tyrosine and phenylalanine were toxic and 
stopped nitrification entirely. When added to mixed cultures these amino- 
acids were less inhibitory, and after 10 days nitrite production amounted to 
30—70 per cent of nitrite in the controls. 

Potato extract and garden soil did not affect the rate of nitrification. 

The author wishes to express his thanks for help and advice to Dr. D. Miiller, Pro- 
fessor of Plant Physiology at the University of Copenhagen, and to Dr. H. L. Jensen, 


The State Laboratory of Plant Culture, Lyngby. The investigation was made possible 
by a grant from the Danish State General Research Foundation. 
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Introduction and experimental technique 


The spectrophotometric investigation of intact roots of wheat and other 
cereals (corn, rye, rice) showed the existence of a complete cytochrome 
system, in which the components a, c, and b could be optically ‘solated The 
analysis was aided by the fact that the steady states of the single cytochromes 
are not synchronously shifted if inhibitors are applıed or ı the conditions 
are changed from aerobical to anaerobical and vice versa At an early date 
of these investigations the appearance of a band at 570 -571 mu af er pro- 
longed anaerobi)sis indicated the presence of a new hemin component. 
During the conti iued analysis this component »PX 570» revealed tsel! as a 
true cytochrome, which apparently ıs not a member of the cytochrome b 
family, even ‘f ts prosthetic group is protohemin, too (Lundegärdh 1954 a). 
For this reason ıt was given the name cytochrome dh. This name ind cated 
the fact that the new cytochrome has ıts place near the bottom of the 
»electron ladde:» leading from the dehydrogenases to oxygen and it was in 
a preliminary communication suggested that the new cytochrome might be 
identical w th succinic dehydrogenase. The continued investigations, how- 
ever, did not bring conclusive arguments in favour of this suggestion. In the 
present 'nvestigation the relations between cytochrome dh and the rest of 
the system, particularily cytochrome b, will be elucidated and discussed. 


The automatic recording spectrophotometer The rapid recording technique in- 
troduced by the author (Lundegärdh 1951, 1953 a) enables the supervision of the 


[142] 
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time course of ıncreas.ng reduction, or reoxidation, of the single cyto hromes. The 
absorption spectrum was recorded from a 15—17 mm. thick binde of paral elly 
packed pieces of roots (from the unbranched about 60 mm. long end zone) which 
was introduced into a quartz tube provided with inlet and out et for drainage “nd 
change of the medium during running exposure. The outgoing slit of a lar e quartz 
monochromator was focussed on the middle of the root bundle by means of a 45° 
metal mirror and a cylindrical quartz lens, the image forming a br ght line of 
about the dimensions 0.2 <4 mm. At the opposite side of the tube a 5 nm. diaphragm 
selects the transmitted light from the middle part of the root bundle. A high sensi- 
tive photo multiplier tube (E.M.I.), placed immediately below the diaphragm, 
records the intensity of the transmitted light on a Speedomax millivoltmeter. Accord- 
ing to this arrangement stray light is completely avoided. Because the root bundle 
consists of several hundred pieces lying in close contact and the 1 ght beam meets 
the root surface perpendicularily no stray light is able to penetrate the root bundle. 
The recorded light must pass through thousends of single cells in which the <yto- 
chrome system is housing. 

The wave length screw of the monochromator is automatically moved in intervals 
of 2 mu. Each interval lasts 4 seconds or sufficiently long for attaining of a precise 
deflection of the millivoltmeter. If the instrument is fed by a 60 pe ı0ds A.C. curreni 
the period is only 3.2 seconds. Alternatively a new Speedomax mul voltmeter wih a 
deflection period of only 1—2 seconds was used. The quartz prism instrument is 
built for automatic recording of the reference beam, too. By means of a pneumatic 
device the object holder, carrying the recipient and the reference substance (mostly 
a layer of 12 pieces of Munktell filter paper nr. 3), is automatical y moved in two 
positions alternatively exposing the reference beam and the sample to the photo tube. 
The two readings are printed by the Speedomax on a logarithmically graduated 


I 

paper, from which then easily e=log te can be directly read as the distance between 
1 

the two points; from these e-values the crude spectrum is plotted. 


The recording of fixed wave-length intervals is to be preferred to a continuous 
record if highest precision is to be attained, because all instruments suffer from inertia 
and an accurate continuous record of a spectrum hence presumes a too slowly moving 
wave-length screw. Because of the non-linear relation betwcen the movement of 
the wave-length screw and the mu values the construction of a prism instrument 
for continuous recording meets certain technical difficulties. Because of the higher 
spectral purity, particularily in the visible and ultra-red, prism instruments are, 
however, to be preferred for accurate measurements In order to meet all needs in 
respect of rapid work, eg. for the recording of the time course cf reoxidation, a 
second instrument was built on the principle of © continuous riovemert of the 
wave-length screw. 

In this instrument a Bausch & Lomb 500 mm. grating mon)c romator 1s com- 
bined with an electrically driven device which moves the way -Iensth screw one 
turn (=100 mu) in 50 seconds up to six minutes. Th screw 1 tu cd synchronously 
with the paper chart of the high speed Speeden ax 11 stru nent ‘perioc 1—2 seconds). 
With this instrument the reference beam has to be separately recordec, an ar'ange- 
ment which postulates a constantly burn'ng light source (fcr he visible a 6 volt, 
4.35 ampere, lamp on a large storage battery: for the ultraviclet a hydrogen lamp). 
A special device for eliminating the specific spectral sensitivity of the photo tube is 
omitted by this arrangement. The prism instrument, however, is provided with a 
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device eliminating the varying spectral sensitivity of the photo tube. Constructions 
have been tried which are based either on a mechanical or on an electronic principle. 
It was found that a mechanical device, consisting of an automatically adjustable 
diaphragm regulating the intensity of the entering light beam, combined with control 
readings of the reference intensity, secures highest accuracy. 

If the sliding paper chart, on which the spectral curve is drawn by the grating 
monochromator, is provided with perpendicular lines marking each millimicron 
fairly accurate determinations of the wave-lengths may be performed. Another 
method is letting the instrument itself mark each millimicron on the chart. A simple 
arrangement for turning the continuous curve into a wave-line on which each top 
marks one millimieron is the use of an electrically steered shutter which produces 
flashes of slightly weakened light, one for each millimicron. 

The O,-content of the recipient. The quartz recipient (see above) has a net volume 
of 4—6 ml. The dry weight of the root bundle is about 6 per cent of the fresh weight, 
or about 85 mg. The normal respiration of the bundle amounts to 20—25 umol 
O,Xh=t if the O,-content of 1 lit. solution is 0.25—0.30 millimol (=saturation with 
air). The recipient thus consumes the oxygen dissolved in 100 ml. solution in one 
hour. The quantity of oxygen in 5 ml. aerated solution (=the volume of the reci- 
pient) amounts to about 2 umol and is consumed in about 5 minutes if the flow of 
the solution is stopped. If the aerated solution before turning off the flow is rapidly 
exchanged for an O,-free solution (this takes only 1—2 seconds) the rogts have 
consumed the quantity of oxygen present in the cells and intercellulars — com- 
prising about 0.4 umol — in less than one minute, provided that the respiration 
proceeds with undiminished speed to the end, which is, however, probably not the 
case. At an exponentially declining O,-consumption it will still take a few minutes 
before the last traces of oxygen are consumed. This is the main reason why the time 
course of reduction, after stopping the flow of the solution, is extended over several 
minutes. The reoxidation, after rapid turning on of the flow of an aerated solution, 
is considerably more rapid, because the molecules of oxygen are extremely rapidly 
moving in the tissue and a far lower number of them than those present before 
starting the reduction are needed for full oxidation of the small quantity of cyto- 
chrome present in the roots (on the absolute concentrations, see Lundegärdh 1953 a). 
Also other circumstances connected with the velocity of the single reactions in the 


whole chain are determining the rates of reduction and reoxidation (see Lundegärdh 
1953 c and below). 


The spectrum of cytochrome b 


Whereas the a-band of what is now defined as a new cytochrome dh 
(Lundegardh 1954 a) was observed at an early stage of these investigations 
(Lundegardh 1952, 1953 a) the identification of the y-band encountered dif- 
ficulties. It was previously concluded (Lundegardh 1953 a, p- 111) that the 
peak at c. 427.5 mu, observed in the difference spectrum ¢ anaerobic—e aero- 
bic, represented only cytochrome b. The spectrum was at that time recorded 
in intervals of 2.5 mu. Later records in intervals of 2 mu and continuous 
records by means of the grating monochromator enabled a more detailed 
analysis. This resulted in the conclusion that the high y-peak, observed in 
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the difference spectrum, represents not only the Joined bands of c, b, and 
partly a, but also the y-band of the new cytochrome dh. The partly opposite 
response of the cytochromes c, b, and dh to certain inhibitors, and their dif- 
ferent apparent velocity constants at reduction (see below) then enabled the 
disclosure of previously rather puzzling examples of the appearance of more 
than three peaks of the compound y-band. 

The efforts of the biochemists to isolate the single cytochromes have 
hitherto been successful only in respect of the cytochromes c, f (Davenport 
and Hill 1952), and a component b forming a part of the lactodehydrogenase 
of bakers yeast (Appleby and Morton 1954). A comparatively pure prepara- 
tion of cytochrome b from beef heart has been described by Hiibscher, Kiese 
and Nicolas (1954). By the courtesy of Prof. Kiese the author had the oppor- 
tunity to record the absorption spectrum of a preparation of comparatively 
pure cytochrome oxidase, sent by air mail. By the courtesy of Dr. R. Hill in 
Cambridge a pure sample of cytochrome f was brought for comparison in 
the authors spectrophotometers. Even if the bands of cytochrome f are very 
close to those of cytochrome c it is possible to analyse optically mixtures of 
the two substances. If the shape of the bands are accurately determined it is 
thus possible to analyse quantitatively a mixture of cytochromes provided 
that the concentration of one of the components is known. 

For comparison with the roots absorption spectra were recorded from a 
Keilin-Hartree preparation of heart muscle and from a separation of cyto- 
chrome b according to the instructions given by Kiese and collaborators. 
Records were finally taken from baker's yeast in different stages of oxidation 
of the cytochrome system. 

Cytochrome dh has not yet been biochemically isolated and the position 
of the bands can only be concluded from an optical analysis of the living 
roots. As peroxidase is always present in large quantities in the roots (Lunde- 
gardh 1954 a, 1955 a) its optical behaviour has to be considered. Peroxidase 
is not reduced under anaerobiosis and it does consequently not interfere with 
the computation of the difference spectrum (€ anaerobic—e aerobic), but it 
is easily combined with cyanide, fluoride, azide, and carbon monoxide 
(Keilin and Hartree 1951). Two separate publications are devoted to this 
question (Lundegardh 1955). The bands of a number of cytochromes are 
given in table 1. 

In living objects bands have been mentioned in the literature which may 
be interpreted as modifications of main groups, e.g. of a, c, and b respec- 
tively, but incisive spectrophotometrical investigations are very scanly and 
the work in this field is generally hampered by the fact that in the living 
cell not only active iron porphyrin enzymes are operating but also processes 
are going on, in which these enzymes are synthetisized or decomposed (cf. 
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Table 1. Absorption bands of some cytochromes (mu). 


a 8 | 7 
Cytochromes 
ds ox red ox | red | ox red 
CREVER NS I EE Re — 550 u 520 406 416 
MA SER LP Bad ae 526 2 429 
b, (Appleby and Morton 
LT ie pe: Pee — 557 = 528 413 424 
b (Kiese et al)... mer 556 562/563 | 525 530 420 431/432 
AE Es sn nes ser eee aol — 571 — 540 — 424 
(N EL PE Are SEFELRRÜCCL COR — 603/604 | — ? 420 443 


Ephrussy and Slominsky 1950, Chin 1950 on baker’s yeast.) Also adaptive 
transformations of cytochromes are obviously proceeding (Lundegardh 
1954 c). Only a close observation of the spectral behaviour of the iron por- 
phyrins in the objects, e.g. by the rapid and sensitive technique introduced 
by the author, is here able to disclose the eventual enzymatic properties of 
the substances in question. Unfortunately the chemical side of the enzymatic 
processes going on in living tissues is considerably more difficult to unveil 
because produced substances are at least temporarily withheld from the 
medium and added substances are frequently not absorbed as willingly as 
could be wished. The excellent property of most oxidation-reduction enzymes 
(cytochromes, flavoproteins, coenzymes) to reveil their state of oxidation- 
reduction in the absorption spectrum can at present only under favourable 
conditions be completed by a similar supervision of the reacting chemical 
components. Measurements of the respiration simultaneously with the spec- 
trophotometric work may, however, be made (Lundegärdh 1954 ec). 

The cytochrome b of wheat roots has an absorption spectrum very similar 
to the corresponding enzyme of the heart muscle, whereas cytochrome b in 
bakers yeast shows a somewhat lower position of the a-band (figures 1—3). 
It may be remarked, however, that reduction with dithionite slightly moves 
the a-band and the ß-band to an about 1 mu lower value. Baker’s yeast is 
abundantly provided with cytochrome oxidase (figure 2). The relation be- 
tween a:c:b in roots is about 1 : 2 : 4, in baker’s yeast about 1 : 2 : 2. The 
dominating concentration of cytochrome b in roots tallies with its activity 
as an oxidase in the »ground respiration», as showntin a previous commu- 
nication (Lundegärdh 1955 b). 

The statement that the y-band of cytochrome b in roots has its position 
very close to the corresponding enzyme in the heart musle, viz. 431—432 mu 
(see Hübscher, Kiese and Nicolas 1954 and figures 1 and 3), shows that the 
peak at 427—428 mu in the spectrum of reduced roots (Lundegärdh 1953 a 
and fig. 3) results from the combination with a band of somewhat lower 
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A 
Ext.(rel) 


Figure 1. Spectrograms of a Keilin- 
Hartree preparation from cow heart, 
diluted with 0.05 M phosphate buffer, 
pH 8.2. A: bands in the Soret region of 
the oxidized preparation (to the left, 
peak at 420 mu) and after addition of 
0.01 M dithionite (to the right, peak at 
431 mu). The bands predominantly re- 
present cytochrome b, as may be seen 
from the reduced bands in the a- and 
B-region (B), where b strongly domi- 
nates over cytochrome c. At 604 mu a 
strong band of cytochrome oxidase. 
The dotted band in A is the difference 
curve ge reduced—e oxidized, the dotted 
band in B is a record of the reduced 
a-band of pure cytochrome c (for con- Vial 4 BI 
trol of the wavelengths). 400 420 440my 500 530 550 570 590 610mp 


value. If the observed y-band were composed only by the cytochromes c and 
b it would show a twin peak at c. 418 mu (=the peak of c in the difference 
spectrum) and at c. 430—433 mu (the corresponding peak of b), the latter 
peak being considerably higher. It was namely shown (Lundegärdh 1953 a, 
p. 103) that two bands lying at a distance of more than 10 mu (in the present 
case 13—15 mu) appear as two peaks from a joined base. Bands lying at a 
distance of only c. 5 mu are always fused to a single peak. The observed shape 
of the y-band thus indicates the presence of a third band between 418 and 
431 mu. This is now defined as the y-band of cytochrome dh and its position 
is very near to 424 mu. 

Figure 3 shows the optical analysis and reconstruction of the observed 
joined y-band from roots which were reduced by 0.01 m dithionite in 
0.02 m phosphate buffer at pH 5.9. The single bands of c, b, and dh are 
calculated from the observed separately appearing a-bands at 550, 563, and 


571 mu respectively, assuming the relation 1-3 for c and b, and=2 for dh. 


Ext.(rel.) 
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at LE: a Fir ©) Figure 3. Difference spectrum of 
a 17 mm. thick bundle of wheat 


roots (e reduced in 0.01 M di- 
+} ai 4 


thionite + 0.02 phosphate at pH 
5.7—e aerobic phosphate). 
4 = Observed curve. —-—- Calculated 
y-band from —-—- cytochrome c, 
Sets cytochrome b and 
cylochrome dh. The principles of 
the calculation are given in the 
text. 


nal Sem 
540 560 580 600my 


Figure 2. Spectrogram of a suspension of 15 per cent 
baker’s yeast in phosphate buffer. Length of the cuvette 
17 mm. The peak representing cytochrome c is slightly to 
the right of that of a pure preparation (dotted curve). The 
peak of cytochrome b is 1—2 mu to the left of 563 mu. The 
peak of cytochrome oxidase coincides with that of the heart 
muscle preparation. 


As shown in figure 3 the calculated fused band coincides fairly well with 
Ne 
the observed band. The value 3 =3 has been calculated from direct measure- 


ments with regard to the difference spectrum of € and b. In the crude spec- 
trum of the reduced cytochromes the relation amounts to about twice that 
figure. As to cytochrome dh no calculation is yet available, because the 
y-band of the oxidised cytochrome is apparently confounded with the bands 
of a and ce. If the y-band of dh has a similar shape as that of c and b the 


= iG : : 
lower value of „points to a rather small distance between the y-bands of 
the oxidized and reduced cytochrome. Or the relation Yin the reduced 
a 


spectrum is lower than what is normal for other cytochromes. It is to be 
observed that the spectrum of dh deviates from that of other cytochromes in 
the comparatively low mu value of the y-band (see table 1). 
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The time-course of reduction and oxidation 


As previously shown (Lundegärdh 1953 c) the time-course of reduction 
(=change from aerated to O,-free) is considerably more extended than that 
of reoxidation (=change from O,-free to aerated). Besides of the interfering 
O,-content of the tissue (see above) the chief reason for this is obviously 
the fact that the reduction starts from the normally existing predominantly 
oxidized cytochromes (65—85 per cent oxidized) and is regulated by the 
moderate activity of the dehydrogenase systems. Of the two processes at the 
bottom of the potential ladder, viz. 


1. A-H,+Deh. ZA-+Deh.- H, 
2. 1/2 Deh. - H.+Cyt.o, = Deh. +H*++Cyt.r0a 


the first one acts as a brake on the second, which, as the following electron 
transferences, proceeds very rapidly. The high velocity of the electron trans- 
ference is shown by the high speed of reoxidation, which of course runs at 
top speed just in the beginning when all cytochromes are reduced. It could 
be calculated that the start velocity of reoxidation amounts to a turnover per 
minute of more than 20.000 (Lundegärdh 1953 c). From the fact that the 
reoxidation of a completely reduced cytochrome system does not exceed the 
level of oxidation maintained in the normal life of the roots it can be con- 
cluded that the dehydrogenase systems remain intact and continuously retard 
the reoxidation. The actual velocity of the electron transference is then 
probably at least hundred times faster than observed, a fact illustrating the 
close structural intimacy between the components of the multiplex enzyme 
system. The fact that the cytochromes in the roots are normally pre- 
dominantly oxidized is a direct illustration of the relatively slow working 
dehydrogenases. In baker’s yeast the balance is normally displaced to the 
side of predominant reduction of the cytochromes (see figure 2). 


The time-course of reoxidation of the different cytochromes of wheat roots 
C 
may be slightly varying but on an average proceeds in the order dh > b= ji 


It was recentiy shown (Lundegärdh 1955 b) that cytochrome b in wheat roots 
acts as an oxidase with an effective power of about 10-—15 per cent of that 
of cytochrome oxidase. No appreciable autoxidation of cytochrome dh could 
be detected, but the experimental evidence points in favour of a redox 
equilibrium between b and dh, the potential state of the former being more 
positive. 

In the rather complicated balance created by the fact that both a and b 
emit electrons to oxygen the order of reoxidation will be regulated by the 
apparent velocity constants. Due attention must here, of course, be paid to 
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the relative molar concentration of the enzymes (see Lundegärdh 1953 c). 
Attention must be paid, too, to the coexistence of dehydrogenases acting as 
retarding factors. The available experimental evidence (see Lundegärdh 
1953 a, 1954 c) points in direction of cytochrome b being linked to succinic 
dehydrogenase and, in close cooperation with c, linked also to a second 
dehydrogenase system, which is operating by means of flavoprotein (Slater 
factor [Slater 1950]; »flavoprotein junction» [Lundegärdh 1954 c]) and 
probably coenzyme. As the two cytochromes c and b are joined in a reversible 
electron transference the localization of the junctions to the dehydrogenases 
is an intricate problem. The junctions to dehydrogenases act, however, 
retarding on the reoxidation of both ¢ and b, a fact explaining the leading 
of dh at reoxidation. Cytochrome dh is probably not directly linked to 
succinodehydrogenase (see below). Its behaviour bears witness of a com- 
paratively slow reduction. 

cytochrome b 
cytochrome c 
is varying in different sets of plants, a circumstance reflected in the time 
order of reduction and reoxidation. Two experiments gave the following 
results: 


According to varying growth conditions the molar relation 


Cytochrome b 
Cytochrome c 
Half time of reoxidation of cytochrome c .... <20 seconds 110 seconds 


==") ET 0.95 2.7 


This result is in accord with what might be expected from the difference 
in the potential state of the two cytochromes: c has a predominant tendency 
to be reduced by b. It was observed that a comparatively high concentration 
of cytochrome b accelerates the reoxidation of cytochrome dh. Two experi- 
ments may be mentioned here: 


conc. Cytochrome b (relative) . 


Velocity of reoxidation of cytochrome dh (relative) ........ 150 100 


An example of the time order dh>b at reoxidation is given in figure 4. 
Two records are reproduced, one in the 40—70 seconds after the change of 
the medium from anaerobic to aerobic, the other in the period 150—200 
seconds. The difference curve between these two gives an approximately 
pure y-band of cytochrome b. The peak of the fused bands of c, dh, and b 
(see above) is accordingly moved from almost exactly 424 mu, representing 
the dominating y-band of dh, to an intermediate position between 424 and 
431 mu, the latter figure representing the top of the y-band of cytochrome b. 

At reduction the time order is the reverse of that of reoxidation, viz. 
a>c>b>dh. As no electrons can be emitted from the cytochrome oxidase 
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in the absence of its specific acceptor, oxygen, it is extremely rapidly reduced 
by cytochrome c. Cytochrome c is in its turn nearly as rapidly reduced by 
cytochrome b and/or the flavoprotein junction. Owing to the complicated 
optical situation in the y-region (cf. Lundegärdh 1955 a and above), and 
possibly also to complex reactions (Lundegärdh 1953 d), the response of 
cytochrome c on a change in the oxidation-reduction state is preferably 
observed on the a-band at 550 mu. This band appears almost instantaneously 
after the removal of the oxygen (figure 2 in Lundegärdh 1953 c). The rapid 
appearance of the y-band at 443 mu of cytochrome oxidase is shown in fig. 5. 
It is, however, fully developed only after 240 seconds, probably owing to the 
slow disappearance of the last traces of oxygen in the root tissue (see above). 
It may be added here that the actual concentration of oxygen in an aerated 
tissue is not known and that the possibility cannot be dismissed that certain 
proteins act as oxygen carriers. As shown by the extremely rapid start of 
reoxidation the non-metabolic transport of oxygen through the root tissue 
is not a limiting factor, provided that the concentration of oxygen is not 
appreciably falling below the exchange equilibrium with air (see above). 

Figure 6 gives still another example of the separation in time of the cyto- 
chromes b and dh. A difference curve, calculated from the situation after 


152 H. LUNDEGÄRDH 
Ex 
010 
Figure6 A 

Figure 6. Time course of re- 
duction in O2-free 0.05 M 
phosphate, pH 4.35. B. From 
DL the start: 1. 21/2 min., 2. 5 
004 0.05 min., 3. 10 min. A. Difference 


curves between 120 and 60 
sec. (----- ), representing cy- 
tochrome b, between 300 and 
120 sec. ( ), representing 
dh, and between 10 minutes 
and 5 minutes ( ), also 


400 420 440 my 400 420 440 dh. 


300 and 120 seconds respectively, shows a band at 425 mu, (=dh), whereas 
the difference between 120 and 60 seconds gives a band at 430-431 mu 
(=b). The time order at reduction, viz. b > dh, conveys a displacement of 
the peak of the joined bands of b and dh from c. 431 mu at the start to 
c. 425—426 mu after 20 minutes (see figure 6 B). 


Optical separation of the steady states of cytochromes b and dh 
under the influence of various inhibitors 


As expected succinate (0.1 m at pH 3.6; on the inverse relation between 
dissociation and absorption, see Lundegärdh 1949) moves the oxidation- 
reduction balance of all cytochromes in the direction of increased reduction. 
Probably because of the rapid synthesis of succinate in the normal meta- 
bolism of the root the increase is not large, from 15 to 44 per cent above the 
level maintained in an aerated salt solution. Succinate does not affect any 
single step, but accelerates the reduction of the total chain. 

Fumarate (0.1 M at pH 3.6) acts opposite to succinate, viz. displaces the 
balance in direction of a considerably increased oxidation of the system. 
This was previously (Lundegärdh 1953 a) interpreted as a shifting of the 
equilibrium succinate @ fumarate+H, from the right to the left and con- 
committantly a reversal of the stream of electrons, resulting in a decreased 
reduction of the cytochromes even under anaerobical conditions. But in 
addition to that fumarate obviously acts more specifically on different points 
of the chain. It was observed that the level of oxidation in fumarate is 
c>b>dh, indicating a practically stopped emittance of electrons from b 
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Figure 7. Time course of the anaerobic oxidation of the cytochromes b, c and dh in 0.1 M 
fumarate contra phosphate. 


Figure 8. Time course of the decreasing oxidation and increasing reduction at prolonged 
stay in fumarate. Very strong reduction of cytochrome dh, even in comparison to succinate. 


to c. The observation of the time course (see figures 7 and 8) furthermore 
shows a gradual shifting over of cytochrome dh from a slightly over-oxidized 
situation to strong reduction. After a prolonged stay in O,-free fumarate 
cytochrome dh is finally reduced about 2.6—2.7 times more than at anaero- 
biosis in the absence of fumarate (figure 8). 

From these results two important conclusions can be drawn: (1) that 
cytochrome dh is never reduced to more than about 40 per cent under 
anaerobic conditions, and (2) that fumarate finally reverses the equilibrium 


e 
b S dh. This reversal is not observed in succinate but it is even more accen- 
e 


tuated if ATP is added to the fumarate (figure 9). This result will be dis- 
cussed in the following section. 
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Figure 9. The final reduction of cytochrome dh in fumarate + ATP. 
Figure 10. Difference spectrum € 0.1 M malonate + HCN—e phosphate + HCN. 


Figure 11. Difference spectra € Oo-free 0.05 m KCl—e Og-free 10 per cent urethane, 
showing spectrum of cytochrome dh. - - - - - € Oo-free urethane—e aerated urethane, showing 
spectrum of cytochrome b. 


Malonate (0.1 M at pH 3.4) acts much in the same way as fumarate, viz. 
causes oxidation of b and reduction of dh, thus a reversal of the normal 
state. At simultaneous inhibition with cyanide malonate thus produces a 
difference spectrum of cytochrome dh (figure 10), but the bands are extended 
towards red, a fact probably indicating a partial decomposition. Malonate 
severely affects the microscopic configuration of the protoplasm (Lunde- 
gardh 1949). 


Urethane (10 per cent solution). According to current opinions (Keilin and 
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Figure 12. Difference spectrum € Os-free urethane—e aerated urethane, showing strong 
oxidation of cytochrome c. 


Figure 13. Reduction after pretreatment 10-8 M and ----- 10—5 M dinitrophenol 
(DNP). Above the difference between these curves, coinciding with the y-band of cyto- 
chrome b. 

Figure 14. reduction in distilled water. ----- reduction in a solution of 0.1 mg 


Antimyein A in 100 ml aqua. 


Hartree 1939; cf. Lundegärdh 1953 a) urethane inhibits the electron trans- 
ference from b to c, viz. the oxidation of b. If 10 per cent urethane is applied 
aerobically an increased reduction of b and dh can actually be observed. 
This group is accordingly electronically partly isolated from the a—c group. 
If, however, urethane is applied anaerobically and the medium is then 
changed to an aerated solution of urethane the spectrophotometer shows a 
partial reoxidation of cytochrome b, whereas dh remains reduced. Urethane 
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Figure 15. The oxidation of cytochrome b in the presence of fluoride (0.03 M at pH 3.3). 
reduction in distilled water. ----- reduction in fluoride. Below the difference 
between the curves, coinciding with cytochrome b. 


Figure 16. Spectrum of cytochrome b, appearing as the difference in reduction without and 
with fluoride. 


reduction in a 0.003 M solution 


Figure 17. ----- reduction in phosphate solution. 


of ATP. 


retards the electron transference from b to c only to about 50 per cent, but 
the electron transference from dh to b considerably more. As a consequence 
of that a comparatively pure spectrum of dh can be computed from € anae- 
robic urethane—e aerobic urethane (fig. 11). The pronounced oxidation of 
cylochrome c, as compared with b, is shown in figure 12. 
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Dinitrophenol (DNP) and phenylthiourea exert effects similar to urethane 
on the balance between b and dh, only still more pronounced. As shown in 
figure 13 a pure y-band of cytochrome b is obtained as the difference between 
spectra computed after treatment with 10~> and 10-65 M DNP respectively. 
The right side of the combined y-band gradually disappears, as the con- 
centration of DNP is increased, whereas the left side of the band, representing 
dh+c, remains intact. 


2.4 D (10° M) partially inhibits the reduction of cytochromes b and dh 
(to about 40 per cent), whereas c behaves more independently. Similarily to 
urethane, DNP, and phenylthiourea this inhibitor thus retards the trans- 
ference of electrons between the cytochromes b and c. As a consequence of 
that cytochrome c is widely oxidized at reoxidation, whereas b and dh remain 
17—20 per cent more reduced than without the inhibitor. 


Antimycin A. This antibiotics, of which a sample was kindly sent by Prof. 
F. M. Strong at Madison, Wisconsin, retards the transference of electrons 
from b to c (cf. Potter and Reif 1952) if given in a concentration of 0.1 mg 
in 100 ce (figure 14). A concentration of 1 mg in 100 cc retards the reduction 
of the system, too. 


Fluoride. As shown in a previous communication (Lundegardh 1953 a) 
fluoride (0.03 M at pH 3.3) almost completely uncouples cytochrome b from 
the dehydrogenases and from dh, thus promoting the complete oxidation of 
the former. In contrast to that fluoride has only little effect on the oxidation- 
reduction balance of cytochrome dh. This inhibitor may thus be used for 
the optical isolation of cytochrome b (see figures 15 and 16). 


The effect of ATP 


It was mentioned above that the addition of ATP to fumarate enhances the 
anaerobic oxidation of cytochrome b and partly cytochrome c (fig. 10). If the 
joined y-band of b and dh is measured in O,-free inorganic phosphate and, 
after a rapid change of the medium, in O,-free 0.003 M ATP a distinct 
lowering of the peak is observed (figure 17), a fact indicating a reversal 
of the stream of electrons from the dehydrogenase systems. The oxidizing 
effect of ATP is observed under aerobical conditions, too. Inorganic phos- 
phate, on the contrary, rises the level of reduction, as compared with a dilute 
solution of KCI (see table 2). 

The observed facts are in agreement with the idea that the transference 
of electrons from a donor to cytochrome b supplies the energy for the syn- 
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Table 2. The effect of ATP and inorganic phosphate on the steady state of the cytochromes. 
UI 


Per cent oxidized cytochrome 


Medium 
Conditions Cyt. ¢ Cyt. b Cyt. dh 
a a a a ee Er TE — 
0.05 M KCl DH 3.7 ne 0... pere aerobic 65 = en 
0.5 M Phosphate pH 6,0.................. » — 
2.4 mg ATP in 100 ml aqua............ > 80 c. 100 (ee Le 
0,05 M KCW pH 5 EN Eee ee anaerobic 0 0 Be 
2.4 mg ATP in 100 ml aqua............ » 30 35 2 


thesis of ATP, the coupled reactions being reversible tentatively according 
to the following scheme: 


Electron Donor ADP+PO, 


N Yt 
b (Fe+ ++) ATP 


At a sufficient supply of PO, (and ADP) and donors and acceptors of 
electrons, viz. at continuously working respiration, the processes are pro- 
ceeding in the downward direction. An accumulation of ATP (or any equi- 
valent ~ ph compound) slows down the electron transference and may under 
anaerobical conditions reverse the equilibrium, resulting in a considerable 
oxidation of cytochrome b. 

The relations between the two cytochromes 6 and dh in connection with 
the ~ ph metabolism are in accord with the conception of dh as one of the 
electron donors of b. The fact that cytochrome dh finally is turned over into 
a state of strong reduction under the influence of ATP (and fumarate), 
simultaneously with cytochrome b remaining more oxidized, may be inter- 
preted as the reversal of an electron donor function, according to the hypo- 
thesis. 


The observed anaerobic oxidation of cytochrome b by ATP forms a direct 


e 


evidence against the transference b = c being involved in the ~ ph balance, 
e 


because such a coupling would lead to a reduction of b at a reversal of the 
equilibrium, hence the opposite to what is observed. The ~ ph equilibrium is 
thus linked to the dehydrogenase side of cytochrome b, with cytochrome dh 
and succinodehydrogenase as electron donors (see below). 

The opposite effects of inorganic phosphate and ATP on the ~ ph balance 
are in accord with the effect of DNP, which is known as an inhibitor of 
phosphorylation (see above). A weakening of the phosphorylation, viz. the 
synthesis of ~ ph must, according to our scheme, also retard the electron 
transference from the dehydrogenases to cytochrome b, with the observed 
increase in oxidation as the visible consequence. As shown in the previous 
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section a number of substances more or less slow down the velocity of 
reduction of cytochrome b. This point is in fact one of the most sensitive 
ones in the aerobic metabolism and also one of the most important for the 
life of the cell, because it obviously contributes to the regulation of the ~ ph 
metabolism. This may be the explanation of the inhibiting effect on the 
growth which most of these inhibitors of the electron transference to cyto- 
chrome b are exerting. Also HCN, besides of its inactivation of the cyto- 
chrome oxidase, has a tendency to reverse the electron transference between 
the dehydrogenases and cytochrome b (Lundegardh 1955 b). 


Discussion 


The experimental observations support the conclusion that cytochrome dh 
participates in the complicated system of reactions conducted by the cyto- 
chrome system. It was previously supposed (Lundegardh 1953 a) that dh 
might possibly be identical with the succinic dehydrogenase. An argument 
against this possibility is the fact that no trace of cytochrome dh can be 
detected in Keilin-Hartree preparations of heart muscle, the oxidizing effect 
of succinate on which is well known (cf. figures 1 and 3). The available 
facts are more in accord with the idea of a multiplex linkage between cyto- 
chrome b and factors acting as dehydrogenases, one of which represents 
succinodehydrogenase, and that cytochrome dh in some way is coordinated 
with b and reinforces or widens its field of activity. This widening of the 
scope of cytochrome b is probably devoted to processes characterizing certain 
cells of higher plants, as distinguished from animals and microorganisms. 

Besides of succinodehydrogenase the root cells are provided with a second 
donor of electrons and protons which has been identified with a flavoprotein, 
the concentration and state of oxidation-reduction of which coincides with 
the »ground respiration» (Lundegardh 1954 c). Because the cytochromes b 
and c are joined in a reversible equilibrium (Lundegardh 1953 a) it is 
difficult to ascertain if the »flavoprotein junction» is connected to one of 
them or to both. Appleby and Morton (1954) recently discovered a close 
molecular linkage between flavoprotein and a cytochrome b both together 
composing the lactodehydrogenase of baker's yeast. Per analogiam the possi- 
bility has to be investigated if a close cooperation between flavoprotein and 
cytochrome b acts as succinodehydrogenase, but such a possibility does not 
exclude the existence of a flavoprotein junction leading over to other donors 
of hydrogen than succinate, too. The experiments with fumarate may be 
interpreted according to the following scheme (D=H-acceptor from suc- 


cinate): 
1/2 D+ H,+Cyt. box 2 V2 D+Cyt. brea tH* 
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The fact that the initially pronounced oxidation of b in fumarate (=the 
reversal of the process) slowly decreases (cf. figures 7—9) may depend upon 
a final cessation of the reversal because of accumulated non-oxidozed suc- 
cinate or upon a secondary effect. The flavoprotein junction is obviously 
able to furnish electrons to cytochrome b after the uncoupling of the 
group a—c in cyanide, because b is autoxidizable and unaffected by HCN 
(Lundegärdh 1955 b). This means, however, a considerable turning down of 
all processes linked to cytochrome b as an acceptor of electrons because the 
capacity of b as an oxidase is only 10—15 per cent of that of a. The existence 
of cytochrome dh in organs capable of a ground respiration may perhaps 
be interpreted as a reserve donor of electrons. The very slow reduction of dh 
under anaerobical conditions indicates some such property of dh. This 
enzyme may possibly over-take electrons and protons also from circulating 
reducing substances, as ascorbic acid, etc. 

Cytochrome dh behaves in several respects as a true cytochrome but it 
deviates from the other members of this group by its unwillingness to 
undergo complete reduction. Of other iron porphyrin enzymes peroxidase 
and catalase are not reduced at all under anaerobic conditions. Gytochrome 
dh is here reduced to about 40 per cent. This fact actualizes the possibility 
that dh may have an intermediate position between peroxidase and cyto- 
chromes a circumstance which would also explain the »anormal» position 
of the y-bands. Peroxidase is figured to act according to the following scheme 
(cf. Chance 1951): 


Perox. + H,O, > Perox. H,O, 
Perox. - H,0,+H,: Donor— Donor +2 H,0 


The peroxidase-hydroperoxide complex is here thought to act as a hydro- 
gen acceptor. An iron porphyrin enzyme acting as hydrogen carrier is not 
known, but it is difficult to understand why a peroxide complex could act as 
H-acceptor if the hydrogen was not attracted by some group in the protein. 
An iron porphyrin enzyme directly acting as hydrogen carrier would probably 
have its iron in the trivalent stage. It could act, too, as the first acceptor of 
electrons at the dissociation of H in H*°+e if the electron was immediately 
transferred to cytochrome b, viz. if the potential states of the H-carrier was 
appreciably lower than that of b, so that the enzyme remained in a pre- 
dominantly oxidized state. The spectral properties of cytochrome dh are not 
incompatible with this hypothesis but further research work is needed before 
more weighty conclusions can be drawn. 

The involvement of cytochrome b in an reversible ~ ph balance may cer- 
tainly contribute to the retardation of its anaerobical reduction. The opinion 
advanced by Chance (1953) as to cytochrome b according to him not lying in 


vo 
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the main path of electron transference from dehydrogenases to oxygen is 
not convincing. The more incisive study of both reduction and reoxidation, 
performed by the author, reveiled the extremely rapid electron transference 
between all cytochromes (dh, b, c, a), recognizable at reoxidation. The slower 
response of cytochrome b, as compared with c, at reduction under anaero- 
biosis reflects the moderate speed of the start reaction (p. 149) and the buffer 
action of the ~ ph balance. This buffer action is of considerable interest 
from the viewpoint of metabolic economy of the cell. As long as supplies of 
high energy phosphate (ATP or its equivalents) are available cytochrome b 
may be anaerobically reoxidized and in its turn accept electrons from systems 
of lower potential stage. This phenomenon thus enables a limited continua- 
tion of the tricarboxylie cycle and of intramolecular oxidations conducted 
by coenzymes without the necessity for the formation of alcohol or lactate 
as final hydrogen acceptors. The consumption of high energy phosphate via 
cytochrome b retards the transition from aerobic respiration to pure glyco- 
lysis. This is probably very important because one of the products of glyco- 
lysis, alcohol, is a dangerous poison to the root tissue. In connexion with the 
participation of parts of the cytochrome system in an intermediate anaerobic 
respiration an observation may be mentioned which the author made several 
years ago. In pursueing the variation of the »glucose quotient», viz. the relation 


consumed glucose 

formed CO, 
anaerobiosis the value amounts to 3 in distilled water as medium, as may be 
expected from the switching on of alcohol formation. If the medium is 
changed to a salt solution the quotient, however, sinks down to 2 or even 
lower. This fact can only be explained by the start of some process implying 
a more economic consumption of glucose, viz. more of the kind of com- 
bustion. It has been shown (Lundegärdh 1951, 1953 a, b) that salt anions 
act as coenzymes in the electron transference between the cytochromes. 
Without movable anions no activity of the cytochromes. The observations of 
the glucose quotient display a conclusive argument in favour of the assump- 
tion that part of the cytochrome system, with high energy phosphate as fuel, 
saves the root tissue from rapid poisoning by products of glycolysis. 


x6 it was found (Lundegärdh 1950, p. 337) that under 


Conclusions and summary 


A new cytochrome, dh, has been identified in roots of wheat and other 
cereals. Its spectrum and behaviour under varying experimental conditions 
has been compared with the spectrum of cytochrome b. The new cytochrome 
is related to cytochrome b and to peroxidase in respect of its prosthetic group, 
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which is protohaemin (Lundegardh 1954 a). Cytochrome dh is under normal 
aerobic conditions strongly oxidized and it is only incompletely (to about 
40 per cent) reduced under anaerobiosis. Its response to reduction and 
reoxidation, to a number of inhibitors, and to fumarate and ATP indicates 
a reversible electron transference between the cytochromes b and dh. 

Cytochrome b as an electron acceptor is closely linked to a reversible 
~ ph balance, which in the absence of oxygen promotes a partial oxidation 
of this cytochrome. The crosslinkage between cytochrome b and its electron 
donors (dehydrogenases, cytochrome dh) on one side and the reversible high 
energy phosphorylation on the other side acts as a buffer system*delaying 
the reduction of cytochrome b under anaerobiosis. Another brake on the 
cytochrome system is the start reaction of dehydrogenation. The electron 
transference between all cytochromes is extremely fast and has no limiting 
influence. The apparent retardation, by a number of inhibitors, of the electron 
transference proceeding on the dehydrogenase side of cytochrome b, which 
is the most sensitive point of the system, is probably chiefly caused by 
influences on the phosporylation, but may also imply structural changes of 
the protein carrier or the structural organization of the system. 

The possible properties of cytochrome dh are discussed. 
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Introduction 


In two recently published papers (Fries 1953, 1954) it was demonstrated 
that arginine, glycine and adenine when added to the agar medium of de- 
cotylised pea seedlings cultivated in darkness, promoted the growth of the 
plants, partieularly that of the root. This was explained as the result of a 
less efficient biosynthesis of these metabolites in the etiolated seedlings. 

The growth-promoting effect of the substances in question manifested 
itself when the experimental conditions were changed in various ways, e.g. 
as regards the amount of available nitrogen in the medium, hydrogen ion 
concentration, and agar concentration. It seemed desireable, however, to 
investigate the significance of some other factors in this connection. In the 
present paper experiments are described where seedlings of different age and 
seedlings originating from seeds of different size were tested for their 
response to arginine. Furthermore, some earlier results concerning the effect 
of arginine on the nitrogen content of the seedlings, which seemed to need - 
corroboration, were reinvestigated and extended. 


Methods 


The experiments were arranged in exactly the same way as earlier described 
(Fries 1954). The seedlings were always grown in culture tubes containing 10 ml. 
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nutrient medium with 1.5 per cent agar. When not otherwise indicated the cultures 
were incubated for 15 days in complete darkness at +25° C. 

The seeds were all from the 1953 harvest and produced seedlings somewhat larger 
than the average of earlier experiments. Except for one experiment (No. 1062) only 
peas of the strain, »Torsdag III», were used. 


Experiments 


A. The importance of the seed size 


Kruyt (1954) has called attention to the importance of the original seed 
size for the subsequent development of the seedling in experiments with 
decotylised pea plants. The significance of this factor for the response of 
decotylised, etiolated pea seedlings to arginine and other metabolites had not 
been considered in the earlier published investigations. Therefore, an experi- 
ment was performed where seeds of two different weight classes, »small» and 
»large» seeds, were tested. As a pea is never absolutely spherical, the size of 
the seeds was expressed in terms of mg. fresh weight rather than in mm 
diameter. The fresh weight of each small seed was less than 200 mg., that of 
each large seed more than 250 mg. The former group deviated more from 
the normal size used as experimental material, than did the latter group, 
since the average weight normally amounted to 246+2.7 mg. (mean value 
based on 50 peas from a batch selected for use in another experiment). 


The seeds of both classes were sterilised in the ordinary way, soaked in 
sterile water and brought to germination on agar plates. When transferred 
to the test tubes the decotylised seedlings from the two seed classes differed 
slightly as to the length of the radicle and more pronouncedly as to their dry 
weight. 

In the experimental series, the effect of 0.3 mM arginine and glycine, 
separately and combined, was tested. The results of the experiment are sum- 
marized in Table 1. As regards the average growth rate of the shoot, this was 
about the same in all series, the standard errors being too great to permit 
any conclusions from the mean values. The growth rate of the main rool, 
on the other hand, was significantly increased by the added amino acids: 
moderately by glycine, strongly by arginine, and most strongly by the com- 
bined substances. The same could be said about the effect on the increase 
in dry weight. 

The response of the small-seed plants to the added substances was almost 
exactly the same as that of the large-seed plants, if the growth rates are 
considered, except that perhaps the latter plants were somewhat more 
strongly influenced by glycine than the former. However, as regards the dry 
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Table 1. The significance of the seed size for the response of the decotylised seedlings. 


When transferred to the culture tubes at the start of the experiment the seedlings from 
the small seeds had a shoot length of c. 3 mm, a root (+hypocotyl) length of 31.9 mm, anda 
dry weight of 6.7 mg., whereas the corresponding values for the seedlings from the large seeds 
were: c. 4 mm, 33.3 mm, and 8.5 mg., all average values obtained from 20 determinations. 
The small seeds weighed less than 200 mg., the large seeds over 250 mg. each, the mean 
values of the fresh weight being 162 mg. and 274 mg., respectively. Each experimental 


series comprised 8 cultures. The concentration of each substance added was 0.3 mM. 
BEER IE SEE EEE RE eg ten ee 


Seed Length in mm No. of Dry weight in mg. 
Additions weight 4 Lateral, lateral Root | Whole 
in mg. Shoot | Main root Rs A roots Shoot system| plant 
No addition ... 96-+5| 82.1+2.7| 33.8 5.6 4.9 4.2 91 
AT BID Cae 110+4/122.9+6.7| 46.7 6.9 6.2 4.7 10.9 
Gene << 200 |102+6| 943+6.7| 52.8 9.3 2.9 4.7 10.6 
Arginine 
+ glycine ... 112+ 6/1304+4.4| 57.9 7.5 7.0 4.8 11.8 
No addition ... 104 +4| 82.4 + 2.0| 50.1 6.9 7.4 4.9 12.3 
AT BIC sees 4 108 + 311241 +4.8| 62.3 8.0 7.8 5.6 13.4 
Glycine .3.---..- > 250 |103 + 5|101.0 + 3.8| 76.9 11.0 1-2 2087 12.9 
Arginine 
=. SLY CIN yee 113 +1|138.9 + 40| 46.4 | 6.8 8.2 5.7 13.9 


weight the plants from the small seeds gave lower values throughout than 
those from the large seeds. The former were also inferior as to the number 
and total length of lateral roots per plant. 

It can thus be concluded that the size of the seed has a long- “lasting 
influence upon the seedling developed from the seed even when the cotyle- 
dons are removed as early as 66 hours after the start of germination. The 
weight of root system and shoot are thus in all cases influenced, while the 
growth rate of the shoot and the main root seem to be unaffected. Except 
for this last-mentioned observation the results agree essentially with those 
of Kruyt (1954) obtained in a similar way. Since the seedlings responded 
in the same manner to the active substances tested irrespective of their origin 
from small or large seeds, the seed size factor does not seem to affect the 
results of experiments of this sort to any considerable degree. If peas of all 
sizes had been included in the starting material of the experiments, instead 
of a rather strictly limited fraction as usually has been the case, this would 
probably not have altered the results essentially, although the mean values, 
particularly as regards the dry weight, must have been less reliable. 


B. The age of the seedling at decotylisation 


During the development of the seedling there is a continuous flow of 
nutrients from the cotyledons to the young shoot and root. If the cotyledons 
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Table 2. The significance of the age of the seedling at decotylisation for its response 
to arginine. 


»Age of the seedling» means the period from the start of germination to the transfer 
of the seedling into the culture tube immediately after decotylisation, thus comprising the 
soaking and swelling in distilled water (always 18 hours) and the following development 
on agar plates (24, 36, 48, or 60 hours). The concentration of l-arginine, when added, was 
0.3 mM. The number of cultures per series was 6 in Expt. 1062, and 8 in Expt. 1188. In 
Expt. 1062 the seed material was »Torsdag II», in Expt. 1188 »Torsdag III». 

Shoot length, root length (incl. hypocotyl), and total dry weight of the seedlings after 
decotylisation was in Expt. 1188: a) 42 hours old seedlings: c. 3 mm, 5.1 mm, and 3.3 mg., 
b) 54 hours old seedlings: c. 4 mm, 15.5 mm, and 4.7 mg., c) 66 hours old seedlings: 
c. 4 mm, 32.6 mm, and 7.1 mg., respectively, all figures being mean values based on 10 
determinations. 
———_—_—_—_—____]_]__]__ 


Age of Length in mm No. of Dry weight in mg. 
Expt. : eae 
Na. seedling Additions Shoot | Mai Lateral | lateral SI Root | Whole 
in hours = cache bts 1 Tools 1008 system, plant 
54 | Control 65+3! 76.3+48| 69.2 a 4.6 Se] 8.3 
54 Arginine| 60+3| 93.3 +2.0' 11.5 3.2 4.0 3.4 7.4 
1062 66 Control |102+2| 87.8 + 3.9 87.3 1157 5.8 3.7 9,5 
66 Arginine | 92 +4 107.5 4 2.8 28.8 6.5 5.8 4.2 10.0 
78 Control | 113 + 3 | 110.0 + 9.6, 70.0 11.8 6.8 4.1 10.9 
78 Arginine | 112 + 5 | 115.3 + 4.9 45.7 6.8 flo 4.8 THES) 
42 Control 56+ 4/| 75.0 +43| 31.6 7.5 3.8 3 0) 6.8 
42 Arginine 55+3| 95.4<+2.7, 33.3 6.7 4.1 3.9 7.6 
1188 54 Control | 78+5| 81.4+3.9) 36.9 7.4 4.8 3.9 8.7 | 
54 Arginine! 77+2| 96.8 + 3.9 | 52.0 95 5.2 4.3 Oey | 
66 Control |107 + 4] 99.4 + 7.8 57.4 10.4 726 9.1 12.7 
66 | Arginine | 115 + 2 131.6 + 40| 52.0 10.9 Teen 5.6 19:30 


are removed early, less material has been transferred than if decotylisation 
is performed later. It seems reasonable to assume, therefore, that the response 
of the decotylised seedling to various substances may, to a certain degree, 
depend on the age of the seedling at decotylisation. 

The importance of this factor was examined in two experiments, No. 1062 
(part of which has already been published in Fries 1954, Table 1, p. 10) 
and No. 1188. In the former experiment the age of the seedling at decotylisa- 
tion was 54, 66, or 78 hours, in the latter 42, 54, or 66 hours. In both cases 
the effect of arginine was tested. 

Table 2 shows that the addition of arginine in all series caused an increase 
in the growth rate of the main root and usually also in the dry weight of the 
seedling. This increase, however, was very slight and not statistically signi- 
ficant in the oldest seedlings, which had been decotylised at an age of 78 
hours. In all series with younger seedlings the effect on the root length was 
about equally strong, amounting to 20—30 per cent above the control. 
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Table 3. The distribution of the soluble and the insoluble nitrogen fractions between shoot 
and root in decotylised seedlings grown with and without arginine. 


In addition to the quantity of nitrate-N contained in the nutrient medium each culture 
tube was supplemented with either a mixture of extra nitrates (1095 ug. Ca (NO3) 2 + 4 H2O+ 
274 ug. KNO3), or 3 micromoles (522 pg.) of 1- -arginine, the N-content thus being the same 
in all tubes. 

At the end of the experiment the length of the shoot was 109 +3 mm in the nitrate 
series and ut +4 mm in the arginine series, the length of the root 101.2 +4.5 mm and 
130.3 + 6.8 mm, respectively. Each series comprised 10 cultures. 


LT 


N pg. N per plant N content, % of dry wt. 
fraction Addition 
tested Shoot! Root system | Whole plant Shoot} Root system | Whole plant 
| ss sn TE re ur VERREEEEEEEEEEEEEEEEEE 
Sci n trate | 258 51 304 3.24 0.98 2.34 
Soluble' N | Arginine| 325 75 400 14.09 1.37 2.97 
| | 
| fasotubia way Neate | 163 85 217 | 1.69 1.64 1.67 
D a a Arginine | 179 111 290 | 2.25 2.01 2.15 
N Nitrate | 385 | 136 521 4.93 | 2.62 4.01 
a Arginine | 504 186 | 690 6.34 3.38 5.12 


Thus, as far as arginine is concerned the age of the seedling when de- 
cotylised does not seem to influence the strength of the response, unless the 
age exceeds 66 hours. However, since only arginine has been tested, the 
possibility that the effect of other metabolites may be more dependent on 
this age factor has still to be considered. 


C. The effect.of arginine on the nitrogen content of the seedlings 


If 3 micromoles (=522 ug.) of arginine are added to the culture medium 
the seedling contains considerably more nitrogen after 15 days than a control 
seedling in a medium without arginine (Fries 1954, Table 26). Three further 
experiments were performed in order to obtain information as to the form 
in which this extra nitrogen occurs in the arginine-fed seedlings. A distinc- 
tion was made between soluble (»non-protein») and insoluble (» protein») 
nitrogen, trichloroacetic acid being used as the protein precipitating agent. 
The separation was made according to the method described by Keyssner and 
Tauböck (1933). 

The earlier observed effect of arginine on the nitrogen content of the 
seedlings also appeared in these three further experiments. Although the 
amount of inorganie nitrogen in the basal medium obviously was very close 
to the optimum, the control cultures in two of the experiments were supple- 
mented with an additional quantity of nitrate to make the nitrogen content 
equal to that of the test cultures with arginine added. The effect of arginine 
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Table 4. Nitrogen content of seedlings derived from extremely small seeds and cultivated 
with and without arginine and glycine. 


The material for these analyses was obtained from the experiment recorded in Table 1 
as »small seeds» with a fresh weight <200 mg. 
ÖPÖPÖ6Ö6Ö6öä_______“_“”“”>”6eeeeeee a ———mmm——— 


N Days of | ee, pg. N per N content 
fraction tested incubation Additions LP % of dry wt. 
oe ee WER ee ee ee ae 
| | 
0 -- 244 3.64 
No addition 231 2.54 
Soluble N 15 Arginine 333 3.06 
| Glycine 278 2.62 
Arginine + glycine 358 3.03 
| | 
0 Bes | 196 2.92 
| No addition | 171 1.88 
Insoluble N 15 Arginine 214 1.96 
| Glycine 209 1.97 
Arginine + glycine 233 1797 
0 = 440 6.56 
No addition | 402 4.42 
Total N 15 Arginine 547 5.02 
| Glycine 487 4.59 
Arginine + glycine 591 5.00 


on both growth and nitrogen content manifested itself to about the same 
degree whether the control had received this supplementary quantity of 
nitrate or not. 

In the first experiment where the soluble and insoluble nitrogen fractions 
of the seedlings were separated (Table 3), the shoot (minus hypocotyl) and 
the root system (plus hypocotyl) were kept apart in the analysis. In all cases 
a positive effect of arginine was noted. Not only did the arginine-fed seedlings 
show a larger absolute quantity of nitrogen per individual, but they also 
contained a higher percentage of both soluble and insoluble nitrogen. The 
shoot contained considerably more soluble nitrogen than insoluble, while in 
the root the situation was the opposite. Arginine increased both fractions 
to about the same degree. 

In this first experiment the seeds used belonged to the normal weight class, 
c. 240—250 mg. In order to see if a divergent result was to be obtained when 
seedlings from smaller peas were analysed, the material presented in Table 1 
was used. This was derived from peas lighter than 200 mg. Only entire 
seedlings were analysed (Table 4). In this experiment the effect of arginine 
manifested itself more strongly in the soluble than in the insoluble fraction, 
and was, on the whole, weaker than in the last-mentioned experiment. 
Glycine produced an increase chiefly in the insoluble nitrogen fraction. The 
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Table 5. The distribution of the two nitrogen fractions between shoot and root of the 
decotylised seedlings after different periods of incubation with and without arginine. 


The material for analysis was five plants in each series. The additions of nitrate and 
l-arginine were the same as in Table 3. When transferred to the culture tubes at the start of 
the experiment the seedlings had a c. 4 mm long shoot, a 36.1 mm long root (incl. hypo- 
cotyl), and the dry weight was 7.5 mg. of each seedling. 


RE RE 
| , ; | pg. N per plant N content, % of dry wt. 
N ays oO ee 

fraction tested | incubation AAC Shoot bu mn Shoot Bir ee 

0 Control = — 262 — — 3.49 

Nitrate 184 103 287 2.19 2.06 2.48 

2 { Arginine | 285 | 104 | 389 | 4.01 | 1.89 | 3.09 

Soluble N 15 { Nitrate 292 73 365 3.79 1.33 2.17 

Arginine 312 101 413 3.80 1.58 2.83 

20 { Nitrate 304 66 370 3.54 1.20 2.62 

Arginine 309 13 382 3.51 1.26 2.62 

0 Control — —- 262 — — 3.49 

10 { Nitrate 73 101 174 ie à 2.02 1.50 

Arginine 114 102 216 1.61 1.85 1.71 

Insoluble Ny | Nitrate 108 | 101 | 209 1.40 | 1.84 | 1.58 

N Arginine 120 129 249 1.46 2.02 1:71 

20 { Nitrate 122 113 235 1.42 2.06 1.67 

= Arginine 131 128 259 1.49 2.20 1.77 

Control — — 524 — — 6.98 

10 | Nitrate 257 204 461 3.90 4.08 3.98 

| Arginine 399 206 605 5.62 3.74 4.80 

Total N | 15 { Nitrate 400 174 574 5.19 3.17 4.35 

| | Arginine 432 230 662 5.26 3.60 4.53 

20 { Nitrate 426 179 605 4.96 3.26 4.29 

> Arginine 440 | 201 641 5.00 3.46 4.39 


effect of both substances together was almost exactly the same as of arginine 
alone. 


The object of the third, and last, analytical experiment was to follow the 
changes in nitrogen content of the seedlings during a certain period of time. 
The effect of 3 micromoles per tube of arginine was compared with that of 
nitrate representing the same amount of nitrogen. Starting with 30 seedling 
cultures of either sort, 10 were analysed after 10 days, 10 after 15 days, and 
10 after 20 days. The result is summarized in Table 5 and Figure 1. 


By coincidence the seedlings originally contained exactly the same quantity 
soluble as insoluble nitrogen, viz. 3.5 per cent. The absolute amount of 
soluble nitrogen increased during the first ten days — slowly in the control 
seedlings and quickly in the seedlings with arginine. In both series about the 
same level of €. 380 ug. nitrogen per plant was attained after 20 days. The 
absolute amount of insoluble nitrogen, on the other hand, went down con- 
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Figure 1. Changes in nitrogen content of decotylised pea seedlings grown in darkness for 

20 days with and without arginine. A: ug. N per plant; B; per cent N of dry weight. The 

open circles indicate plants grown with nitrate-N only, the filled circles plants to which 

part of the nitrate had been exchanged for l-arginine. Unbroken lines: soluble N; broken 
lines: insoluble N. Experimental conditions same as in Table 5. 


siderably during the first ten days, particularly in the control plants, but 
then rose slowly to about the original value. The control plants always con- 
tained less than the arginine-fed plants. 

If the nitrogen content is expressed in terms of per cent of the dry weight 
the difference between the two experimental series becomes less striking. It 
appears then, that the control plants assumed a definite content of soluble 
nitrogen (c. 2.6 per cent) already after ten days, while the content of the 
arginine plants decreased more slowly from the original 3.5 per cent. As to 
the insoluble nitrogen, which comprises the protein fraction, there was a 
rapid decrease from 3.5 per cent to a final, fairly constant value of 1.6 to 
1.8 per cent, the arginine plants always being a little above the control plants. 


As regards the distribution of the two nitrogen fractions between shoot 
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and root the soluble nitrogen was by far more abundant in the shoot and 
the insoluble more abundant in the root, which agrees with the result of the 
above mentioned experiment recorded in Table 3. 


Discussion 


The experiment first reported in this paper demonstrates that decotylised 
seedlings responded to arginine and glycine in about the same way, irrespec- 
tive of the size of the seed from which the seedling originated. Furthermore, 
the age of the seedling when decotylised did not affect the response to 
arginine, unless it exceeded 66 hours at the time of this operation. These 
results confirm the statement made in an earlier paper: »that the activity 
of arginine manifested itself when the conditions of the experiments were 
changed in one way or another» (Fries 1954, p. 28). 

An analysis of the nitrogen content of the seedlings revealed certain 
interesting differences between the seedlings grown with nitrate as the only 
source of nitrogen and those grown in a medium where part of the nitrate 
(25 per cent, in terms of nitrogen) had been exchanged for arginine. If a 
distinction was made between nitrogen compounds soluble in trichloroacetic 
acid and those insoluble in this protein-precipitating solution the arginine-fed 
seedlings always contained more of both fractions than did the controls, 
although this difference was small in terms of per cent or ug. N per mg. 
dry weight. 

As shown by a particular experiment the situation changed during the 
early development of the young pea plant. If the approximation is made 
that the nitrogeneous substances insoluble in trichloroacetic acid are identical 
with proteins, the following picture can be drawn of the nitrogen economy 
of the decotylised seedling during the first 20 days of growth in the dark: 
The proteins present at decotylisation and probably just transferred from 
the cotyledons are rapidly broken down. The products, mainly amino-acids, 
are partly exuded into the medium and partly retained within the plant, 
particularly in the developing shoot. New proteins, however, are being syn- 
Ihesized all the time especially in the shoot and root tips, and after ten days 
an equilibrium is reached which maintains an almost constant protein 
level in the seedling. 

The plants supplied with arginine exhibit a much higher content of soluble 
nitrogen than the control plants after the first ten days of cultivation. This 
surplus, which then gradually disappears, most probably consists of either 
absorbed arginine or non-protein compounds derived from arginine. It seems 
justified to assume that this fraction serves as a particularly suitable material 
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for protein synthesis in darkness, thereby also making possible a higher rate 
of growth. Such an interpretation of the growth-promoting effect of arginine 
would be based on the unproved assumption that protein synthesis is the 
process which in the first place limits the rate of growth in the dark under 
the experimental conditions. However, the hypothesis is supported by the fact 
that arginine does not influence the growth of decotylised seedlings cultivated 
in the light, where protein synthesis, at least in the shoot, is likely to proceed 
under more favourable conditions. 


Summary 


Decotylised seedlings of pea (Pisum sativum L.) were grown under aseptic 
conditions in a synthetic agar medium in the dark with the technique described 
earlier (Fries 1954). The main object of the experiments was to study the 
growth-promoting effect of arginine. 

Seedlings developed from small seeds responded in the same way to 
arginine and glycine as did seedlings from large seeds. The age of the seedling 
at decotylisation did not affect the strength of the response to arginine, unless 
the seedlings were more than 66 hours old. 

The nitrogen content was higher in those seedlings which had been cul- 
tivated with part of the nitrate exchanged for arginine (0.3 mM). The changes 
in the protein and non-protein nitrogen content were followed during the 
early development of the seedlings grown with and without arginine. The 
results are discussed. 

The author is indebted to Mrs. Karin Norell and Mrs. Harriette Cedervall for 


skilful technical assistance. The investigation has been supported by a grant from 
Eli Lilly and Co., Indianapolis. 
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Problem 


The discussion of the relation between chemical structure and growth 
activity of compounds of the auxin family has led to several theories, briefly 
reviewed by Hansen. These fit in well with the behaviour of most com- 
pounds, but there are noteworthy exceptions to all theories. One reason may 
be that what is called growth is not a physiologically uniform process. An 
attempt to study this problem has been made by Hansen, who has sorted 
out different morphologically separate growth reactions of roots. Another 
method, which has been employed on the one hand by McRae and Bonner, 
on another by Linser and Kaindl, is to treat the growth activity curves 
statistically. (With activity curve is implied in the following any curve 
showing the relation between the concentration of a compound and its 
growth effect.) They should be of a certain shape, and combinations of com- 
pounds should change this differently if the compounds have physiologically 
identical effects than if they have not. 

In the present study an attempt has been made to follow up this line of 
approach for four closely related compounds, which partly form exceptions 
in Hansen’s and others’ experiments. They are 1-naphthaleneacetic acid, 
2-naphthaleneacetic acid, 1-naphthoxyacetic acid, and 2-naphthoxyacetic 
acid. 

The principle has been to study in a standard root growth test the action 
of all four compounds in all possible combinations over their whole range 
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of activity, and to try to interpret the activity curves obtained. — It should be 
noted that only the total root growth has been measured, and preliminarly no 
attempt has been made to distinguish between cell elongation proper and 
growth by cell multiplication. For technical reasons this was unfeasible in 
the study comprising about 800 tests run in quintuplicate. 


Methods and evaluation of the results 


The test method employed has been the root growth micro test developed by 
Lexander, giving the rate of root elongation after 24 hours of treatment in a com- 
plete nutrient solution and under strictly standardized conditions. The plant material 
was Eroica wheat. 

The values given in figures 2 to 8 are computed in per cent of the growth without 
additions of growth compounds. In figure 2 the directly obtained values have been 
presented, in figures 3 to 8 they have been corrected in the following way. If root 
growth is inhibited by a non-toxic auxin it is decreased to a low lovel, which cannot 
be passed without killing the roots. There is a small residual growth independent 
of growth compounds and probably consisting only of cell divisions, swelling and 
the like, not equivalent to a real elongation. In order to eliminate this residual 
growth, in controls amounting to 3 mm. or about 25 per cent, a constant value of 
3 mm. for 24 hours was subtracted from all figures. This does not change the 
shape of the curves but gives a better idea of the magnitude of the effects obtained. 
All points are averages of usually four independent tests combined at random. No 
attempt was made to smooth out the curves. 

Neither of the two methods of interpreting the activity curves is unprejudiced, but 
both are founded on assumptions of a certain physico-chemical background. 

McRae and Bonner have employed the principle of activators and inhibitors of 
enzyme reactions and assume that an activity curve can be presented as a kinetic 
curve according to Michaelis. The interaction between two compounds may appear 
as in figure 1 A, showing the interaction between an activator, X, and an inhibitor, Y, 
given in concentrations increasing from 1 to 3. The kinetic curves should converge 
toward a point on the ordinate; if the experimental results do so, it proves a com- 
petitive inhibition, i.e., that both compounds act at the same point. The shapes of 
the curves should be the same even if Y is an activator with the concentration 
increasing from 3 to 1. McRae and Bonner have also pointed out that the effect 
of Y must decrease with increasing [X]. — Figure 1 B shows an instance of a 
wholly additive effect of X and Y; each has a certain growth effect independent of 
the other. It is surprising to find that this can lead to the same type of kinetic 
curves as instance A. The reason is that curves converging toward the ordinate 
always are obtained if the difference between the growth effects of the two com- 
pounds is large, and growth approaches an upper limit; the curves will rise steeply 
in any scale but lie close together, and the inverted growth values will rapidly 
become small and seemingly constant, i.e., the kinetic curves converge rapidly. The 
activity curves may converge or run parallel, but the details are blurred by the 
inversion. The course of the kinetic curves will depend mainly on the position of a 
few growth values at low concentrations of X, and the further course of the curves 
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Figure 1. A theoretical study of the interaction between two growth substances X and Y. 
— Lower graphs: the relation between [X] and rate of elongation (l) at three concentra- 
tions of Y; upper graphs: the same material treated kinetically, showing the relation 
between 1/[X] and 1/l. — A: X and Y are assumed to have physiologically identical effects, 
being able to substitute each other; if Y is an inhibitor the curves illustrate true com- 
petitive antagonism between the compounds. — B: X and Y act wholly independently of 
each other, the growth effects are additive. — C: the action of Y increases in the presence 
of X and vice versa. — The kinetic curves indicate for A and B »competitive action» 
(action in the same biochemical system), for C independent action. 


is rather immaterial. This can also be inferred from the material of Housley et al., 
which seems to illustrate that even very irregular activity curves treated kinetically 
can be approximated into straight lines converging on the ordinate. 

In McRae and Bonnner’s example with IAA and 4CIIB the course of the curves 
in figure 3 depends on the fact that the growth approaches an upper limit and 
on the position of the growth values for the lowest concentrations of IAA in table 3. 
These were for the extreme concentrations of 4CIIB 


| IAA 
| 4C11B | wats 
| 0.02 | 0.05 
| | 
l'OS NP | 0.59 | 1.14 
Serr nimi AT NA Et 
inhibition by 4CIIB 1.0 0.26 | 0.46 
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If, however, the activity curves diverge toward infinity (figure 1 C) more or less 
parallel kinetic curves are obtained, which according to McRae and Bonner indicate 
that the compounds do not act at one point. — The physiological interpretation of 
the curves in figure 1 C is, however, that if Y is an inhibitor, the inhibition increases 
with increasing [X], or, if Y is an activator, a synergism exists between the com- 
pounds. In neither case are the effects of the compounds independent of each 
other. Curves of this kind are obtained, for example, if the effect depends upon 
the ratio between the compounds, which clearly indicates an intimate interaction 
between them. The first instance can also be kinetically interpreted so that X forms 
the substrate for Y; inhibition by Y thus cannot be obtained if [X]=0, and the 
inhibition must increase to some degree with [X], not decrease as postulated by 
McRae and Bonner. This also holds true within the critical range of concentration 
in their experiment quoted on p. 176. 


Even diverging activity curves may thus indicate a close physiologic interaction 
between the two compounds. The only reliable indication of a physiologically 
independent, additive action of two compounds seems to be that the activity curves 
in combination tests run parallel over a fairly wide range of concentrations. 

The other interpretation of the activity curves has been made by Kaindl on 
material of Linser’s. Kaindl’s complete formula for the interaction between two 
growth factors reads 


Z = A(1—e-kice he) _ B(1_e-kicie—hVer) _ C(1_e-kiVese- het) 


under the assumption that the interaction depends upon an adsorption to two dif- 
ferent sites and the probabilities of hits for each compound. — In one experiment 
especially analyzed by Kaindl the first term denotes the growth promotion by IAA, 
the second term its growth inhibition at high concentration, and the third term an 
inhibition by eosin. The exponents —1, Ve, and —l,c, denote the action of eosin on 
IAA and JAA on eosin, respectively. Within the main part of the activity range, 
e.g., at the centre with eosin and IAA—10-? per cent, term 2 equals zero, and 
e-lıcı practically 1. This means that IAA exerts no inhibiting action, and IAA does 
not change the eosin effect but that the opposite holds true. The term l,c, gains 
in importance if c, is high, but then the agreement between found and computed 
values becomes less satisfactory. The whole interaction between the growth com- 
pounds is expressed by the exponent —1,Vc, in term 1; for the rest the terms 1 and 
3 illustrate an independent action of the compounds. Linser concluded from a visual 
judgement of the activity curves that IAA and eosin mainly acted independently of 
each other owing to the parallel course of the curves, but that eosin had some 
effect on the IAA action. The extensive deductions founded on adsorption isotherms 
and probabilities of hits, as a matter of fact, do not give any further information 
about the interaction between the compounds. 

The activity curves obtained in the present results are of the types A, B, and C 
together with a modification of A. If two inhibitors have identical action they give 
a system of curves as in A but converging from high values on the ordinate, — It 
should be emphasized that the activity curves in figures 3 to 8 are drawn in a 
logarithmic scale, but those in figure 1 in a linear one. 
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Figure 2. The root growth 
activity of the four inves- 
tigated acids: 1-naphtha- 
leneacetic acid (1-NAA), 
2-naphthaleneacetic acid 
(2-NAA), 1-naphthoxyace- 
tic acid (1-NOAA), and 2- 
naphthoxyacetic acid (2- 
NOAA). — Relative root 
elongation in 24 hours 
treatment, control=100. 


1078 1077 10-6 1075 1074 M 


Activity of the single compounds 


All four substances have already been tested for their growth activity on 
roots and other materials (see Hansen, Äberg). The present results with the 
single compounds are presented in figure 2. 

1-naphthaleneacetic acid has been unanimously characterized as an auxin 
and exerts in the present experiments only a growth-inhibiting action. 

Little information is available about 2-naphthaleneacetic acid; it has been 
denoted as an auxin or an inactive compound, by Hansen as a weak auxin 
with root inhibitions above 1076 M. This has been verified, but the activity 
curve has a more complicated course with a weak inhibition up to 3: 108 M, 
followed by a considerable growth increase, between 3 : 108 and 10% M 
amounting to about 40 per cent. 

I-naphthoxyacetic acid has been called inactive, auxin, and antiauxin; 
Äberg and Khalil found it to be inactive in itself but acting as an antagonist 
against external auxin, and Hansen has classified it as a root-auxin, with a 
strong growth promotion from 1076 M. This has been verified and it can 
also be seen from figure 2 that the acid is wholly inactive below 10-6 M. 
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2-naphthoxyacetic acid has an activity curve resembling that of the 
2-naphthaleneacetic acid; however, the increase in growth between 10-7 and 
106 M is slight and growth never exceeds the control. It has been un- 
animously called an auxin in the literature (see Hansen). 

The following eight effects have thus been observed with the four acids: 

1-naphthaleneacetic acid (1-NAA), growth inhibition only; 

2-naphthaleneacetic acid (2-NAA), a weak inhibition (I) followed by a 
strong promotion (II) and a final inhibition (III): 

1-naphthoxyacetic acid (1-NOAA), growth promotion only: 

2-naphthoxyacetic acid (2-NOAA), a weak inhibition (I); an equally weak 
promotion (II), and finally, growth inhibition (III). 


Interaction between the compounds 


It has already been mentioned that the only way of elucidating whether 
two compounds have physiologically identical action or not is by means of 
a careful judgement of the activity curves, and ‘hat statistical methods fail 
or do not offer any advantages. The following principle has been assumed 
to be tentatively justified: (1) strictly parallel course of a series of activity 
curves indicates that the substances have physiologically different actions, 
(2) curves obviously converging at higher concentrations indicate identical 
action, and (3) diverging curves may show that some kind of interaction 
exists, it may be competition, synergism, or as an extreme case, that one 
action is totally subordinated another and disappears if the other one is 
present. Aberrant graph systems are obtained if one action wholly pre- 
dominates (cf. figure 9). 

It must further be kept in mind that both the maximum and the minimum 
of growth are limited by other factors than growth compounds. The nutrient 
conditions must determine an upper limit of growth, and the lower limit, 
of course, falls near zero. 

(a) — The relation between 1-NAA and 1-NOAA (figure 3) ought to be 
fairly simple because each compound has only one action. The actions are 
not additive but the curves converge toward higher concentrations. which 
‘may imply some simple antagonism. The highest concentration of 1-NOAA 
(curve 5) falls outside the picture, however, probably for two reasons. 
According to figure 2 a growth inhibition sets in with this concentration, and 
Hansen has shown that it depends mainly upon a reduction in the cell multi- 
plication. With this concentration of 1-NOAA and low values of 1-NAA the 
root growth also reaches its upper limit. This curve is thus sharply cut off 
on this level. A point which has not been investigated further is the indica- 
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Figure 3. The interaction between 1-naphthaleneacetic acid (1-NAA) and 1-naphthoxyacetic 
acid (1-NOAA). — On the ordinate root elongation, control=100. Concentrations of 
1-NOAA, curve 1=0, 2=10-7, 3=10-% 4=10-*7 51007: 


Figure 4. The interaction between 2-naphthaleneacetic acid (2-NAA) and 1-naphthoxyacetic 
acid (1-NOAA). — As figure 3. Concentrations of 1-NOAA, curve 1=0, 2=10-7, ola 
AIO NO JIM 


tion of a peculiar synergism at low concentrations of both acids. — Never- 
theless, the results show that a close interaction between the compounds 
occurs. 

(b) — The interaction between 1-NAA and the inhibiting action (no. III) 
of 2-NOAA is still more obvious from figure 7. Above 10~§ M 2-NOAA the 
curves regularly converge, showing that the two inhibitors substitute each 
other and probably have the same kind of action. 

(c) — Nevertheless the weak positive action (no. II) of 2-NOAA seems to 
remain unaltered even at the highest concentration of 1-NAA, indicating an 
additive effect of these two actions. No conclusions can be drawn regarding 
the weak first effect (no. I) of 2-NOAA. 

The relation between 1-NAA and 2-NAA (figure 5) is important for the 
interpretation of all compounds. It is obvious that effect no. II of 2-NAA is 
flattened out and shifted toward higher concentrations on an addition of 
1-NAA, which ought to occur if the combined action depends on, for example, 
the ratio between the compounds. Some close interaction occurs between 
these two activities. It is also interesting to note that action no. III of 2-NAA 
cuts off all curves along approximately the same line. The curves are partly 
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Figure 5. The interaction between 2-naphthaleneacetic acid (2-NAA) and 1-naphtalene- 
acetic acid (1-NAA). — As figure 3. Concentrations of 1-NAA, curve 1=0, 2=3 : 10-8, 
3—10 7, 4=3 10-7, 5=10-°M. 


Figure 6. The interaction between 2-naphthaleneacetic acid (2-NAA) and 2-naphthoxy- 
acetic acid (2-NOAA). — As figure 3. Concentrations of 2-NOAA, curve 1=0, 2=10-7, 
31009410255 —10—* 


very similar to those with IAA and eosin analyzed in detail by Linser and 
Kaindl. An attempt has therefore been made to explain them in the same 
way, as the result of one promoting and one inhibiting action of 2-NAA 
shifted toward the right in the presence of 1-NAA. The calculation has, 
however, been carried out graphically (figure 9) not numerically. 


It has been assumed that curve 1 in figure 9 — copied from curve 1 in figure 5 — 
forms the difference between one showing growth promotion and another of 
growth inhibition. The former — curve 1 a — has been given a probable shape 
and position with a total increase of 75 per cent, which seems to be the upper 
limit in these experiments. The inhibition curve (1b) has been obtained by sub- 
tracting 1 from 1a. This has been repeated with curves 3 and 4 also taken from 
figure 5; the growth promotion curves 3a and 4a have been given exactly the 
same shape as 1a and placed in reasonable positions. The computed inhibition 
curves 3b and 4b fall surprisingly near 1b. With regard to the very strong 
influence 1-NAA must have upon the position of the curves of growth promotion 
and the roughness of the computations this justifies the conclusion that the growth 
inhibition by 2-NAA (action no. HI) is independent of 1-NAA, and perhaps the 
latter is subordinated under the first-mentioned effect. 


The graphical considerations thus indicate: 
(d) — that the actions of 1-NAA and no. II of 2-NAA are physiologically 


closely related and competing, but that 
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Figure 7. The interaction between 
2-naphthoxyacetic acid (2-NOAA) 
and 1-naphthaleneacetic acid (1- 
NAA). — As figure 3. Concentrations 
of 1-NAA, curve 1=0, 2108, 3= 
3-10-8, 4=107, 5=3 10 M: 


1077 1076 1075 1074 M 
2-NOAA 


(e) — 1-NAA and no. III of 2-NAA are independent of each other. 

From the conclusions under these five points it ought to be possible to 
postulate the kinds of interactions in all other combinations of these com- 
pounds. 

It should follow from (a) and (b) that 1-NOAA and 2-NOAA no. III would 
compete, which also appears satisfactorily from the converging curves above 
10-% M 2-NOAA in figure 8. The highest concentration of 1-NOAA again 
forms an exception. The same figure also shows clearly that the actions of 
1-NOAA and nos. I and II of 2-NOAA are additive, which tallies with the 
conclusions under (a) and (ec). 

Figure 4 shows that the positive action, no. II, of 2-NAA is slowly inhibited 
by increasing 1-NOAA, but that action I would remain unaltered. The dif- 
ference between figures 4 and 8 is interesting. Increasing 1-NOAA regularly 
inhibits the fairly strong positive action of 2-NAA but not the very weak 
action no. II of 2-NOAA. In agreement with the conclusions under (a) and 
(d) it can thus be assumed that action II of 2-NAA and that of 1-NOAA are 
physiologically similar. The highest concentration of 1-NOAA again behaves 
aberrantly. The course of the curves above 1076 M in figure 4, on the contrary, 
seems to indicate an additive action, which tallies with the conclusions 
under (a) and (e) leading to the assumption that these two are physio- 
logically independent. 

There then remains the complicated interaction between 2-NAA and 
2-NOAA each with three effects (figure 6). The interpretation is difficult 
because actions I and II of 2-NOAA are very weak and the inhibition no. III 
of 2-NAA very strong. The following conclusions can be tentatively drawn: 
2-NOAA in concentration 3 exerts a fairly constant growth effect over the 
whole range of concentrations of 2-NAA; the effects are obviously additive. 
Action no. IT of 2-NOAA is independent of all other effects studied. — The 
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Figure 8. The interaction between 
2-naphthoxyacetic acid (2-NOAA) 
and 1-naphthoxyacetic acid (1- 
NOAA). — As figure 3. Concentra- 
tions of 1-NOAA, curve 1=0, 2= 
Nimo 10 8470 > 5—10-* M. 


inhibiting action of 2-NOAA, no. III, cuts off sharply the entire positive 
effect of 2-NAA, it acts much more strongly in this respect than the similar 
activity of 1-NAA (figure 5). 

There are otherwise some similarities between figures 5 and 6. The 
decreasing part of curve 4 of figure 6 has been plotted in figure 9 (as 6b) 
together with the constructed hypothetical inhibition curves of 2-NAA. It 
fits in surprisingly well with the others with regard to slope and general 
position. This is interesting because if this concentration of 2-NOAA cuts 
out the entire actions I and II of 2-NAA, curve 4 in figure 6 must attain this 
shape provided that the inhibiting action of 2-NAA remains unaltered. The 
rather good agreement between curves b in figure 9 supports the fact that 
neither 1-NAA nor 2-NOAA can affect the inhibiting action of 2-NAA. 
According to the conclusions under '(b) and (e) this should not be the case, 
either. It would seem that the inhibiting action of 2-NAA were of a very 
dominant nature and superimposed over other actions. 

There thus seems to be a reasonably good agreement between the six series 
of experiments and they justify the following conclusions: 

The final inhibiting action of 2-NAA is physiologically separated from the 
others, likewise the weak actions at low concentrations of 2-NAA and 
2-NOAA; a complete mutual interaction of antagonism and synergism is 
exerted by the remaining four effects: the inhibiting actions of 1-NAA and 
3-NOAA together with the positive effects of 2-NAA and 1-NOAA. 
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Figure 9. Graphical evaluation of the 
interaction between 1-NAA and 2-NAA 
(cf. figure 5 and the text). — Curves 1, 
3, and 4 are identical with nos. 1, 3, and 
4 respectively in figure 5; 1a, 3a, and 
4a are assumed curves of growth pro- 
motion; 1b, 3b, and 4b computed cur- 
ves of inhibition. Curve 6 b is identical 
with part of curve 4 in figure 6. 
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Discussion 


The presented results have led to the conclusion that not all growth- 
increasing and growth-inhibiting effects of this group of closely related 
acids are physiologically comparable. Some show a mutual interaction which 
appears as an antagonism, in other instances the effects are additive. In the 
former case it has been assumed that the physiologic reactions are similar 
or identical, and it may even be so that the interaction has the character of 
a competitive inhibition in a biochemical sense (McRae and Bonner). In the 
author’s opinion it is. impossible, however, to prove that this is the case only 
from the shape of the activity curves or from graphical or numerical com- 
putations. On the other hand, it is likely that such a competition occurs, but 
it may be located to the absorption or transport of the substances as well as 
to the centre of activity. Audus has also doubted that conclusive proofs can 
be given of such a specific kind of interaction because the physiologic growth 
process is more complicated than a single biochemical reaction. It is more 
probable that such an antagonism does not occur if the activity curves are 
strictly additive. It should also be pointed out that the phenomenon described 
by McRae and Bonner as a competitive inhibition has been given another 
mathematical interpretation by Kaindl. 

That competition does not occur only at the point of action of the com- 
pounds is clearly indicated by the fact that growth promotion by 2-naph- 
thaleneacetic acid can be totally annihilated both by a high and in itself 
inhibiting concentration of 2-naphthoxyacetic acid and by a high but growth- 
promoting concentration of 1-naphthoxyacetic acid. The latter also counter- 
acts both promoting and inhibiting actions of other acids. When it comes to 
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such less specific activities of compounds in relatively high concentrations 
it is probably necessary to consider competition or some other kind of 
hindrance during the absorption or transport of the compounds. Blackman 
and Robertson-Cuninghame have recently emphasized that the interaction 
between IAA and 2,4-D can neither be explained as wholly additive, nor as 
an ideal competition, even if such occurs, and Housley, Bentley and Bicks 


have stressed the permeability and transport factors in evaluating kinetic 
data. 


This has a consequence for the classification and naming of these compounds. 
According to the definitions laid down by a committee (Tukey et al.) an antiauxin 
is a compound »which inhibits competitively the action of auxins». Now it is obvious 
from the foregoing discussion and has been emphasized already by Lineweaver and 
Burke that it is impossible to show definitely that such a competition takes place, 
not to mention where it takes place; it can perhaps only be shown that it does 
not occur in a given instance. For diagnostic reasons the term anti-auxin could 
strictly not be used at all, especially not for compounds supposed to antagonize the 
native auxin (Burström). Hansen has proposed another terminology. Substances 
in themselves inactive but counteracting only externally added auxins are called 
auxin antagonists, and it is inferred that their competition can hardly take place 
at the point of action, because they do not antagonize the native auxin. Substances 
in themselves active as root-growth promotors and also counteracting external 
auxins are called root auxins, owing to the similarity between their actions on roots 
and the action of auxins on shoots. This terminology seems to be most appropriate, 
since the too rigid definitions mentioned prohibit the use of the term anti-auxin. 


It is generally assumed that 1-naphthaleneacetic acid, the synthetic auxin 
mostly resembling indoleacetic acid, exerts an action identical with that of 
the natural auxin. Judging from the found interactions this might be true 
also of 2-naphthoxyacetic acid in its growth-inhibiting action, and the growth- 
promoting effects of 2-naphthaleneacetic acid and 1-naphthoxyacetic acid 
should be antagonistic; this assumption seems to be likely because the two 
last-mentioned acids as root auxins probably antagonize also the native auxin. 
Street has compared 1-naphthaleneacetic acid, 1-naphthoxyacetic acid, and 
2-naphthoxyacetic acid on excised tomato roots and concluded that only the 
last-mentioned acid resembles indoleacetic acid. The 1-substituted acids act 
as mutual antagonists, as in our experiments, but do not show interaction 
with indoleacetic acid. This would complicate the picture further. 

On the other hand, the root-growth inhibition by 2-naphthaleneacetic acid 
should be physiologically of another kind. It is also striking that its aclivity 
curve is steep, the inhibition sets in rapidly, and it has the power of effectively 
cutting off other growth effects. It seems to be a growth inhibition attacking 
some vital point in the growth mechanism, but not the same one as IAA and 


its equivalents. 
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The fallacy of the mentioned definitions seems to be clear again when it appears 
that there is no simple term for the natural cell elongation hormones (IAA and its 
associates). »Growth hormone» includes growth of every kind and »auxin» syn- 
thetic compounds, which sometimes must be kept apart from the natural ones. 


Of still another nature are the weak effects of low concentrations of 
2-naphthoxyacetic and 2-naphthaleneacetic acids. Shifts from positive to 
negative growth effects or vice versa with increasing concentrations have 
sometimes been observed, even if apparently toxic effects are excluded. They 
have given rise to speculations about weak auxins giving anti-auxin effects 
in high concentrations or, as formulated by Äberg and Khalil, »residual 
auxin effects» of anti-auxins. A certain precaution seems to be necessary in 
interpreting such phenomena since it appears that not all effects are of 
physiologically similar nature. It is hardly justified to base elaborate theories 
on the mere course of activity curves without a critical examination of the 
nature of the effects observed. It should only be mentioned that if the auxins 
are fixed both to activity centers as assumed by McRae and Bonner and 
others, and to inactivating systems, as suggested by Brian and Rideal, and 
an antagonist competes at both sites, this could lead to rather complicated 
modes of actions and shifts between activities without any auxillary hypo- 
theses. This is the leading principle of Linser and Kaindl, and the complex 
actions of the 2-substituted derivatives might conform to such a picture. 
Further speculations are premature, however. 

With regard to the problem of the relation between structure and activity 
of the compounds, these should be classified according to the actions related 
to that of the natural auxin, or supposed to be so. Other effects are im- 
material in this connexion. Thus 1-naphthaleneacetic acid and 2-naphthoxy- 
acetic acid should be called auxins, and 2-naphthaleneacetic acid and 1-naph- 
thoxyacetic acid active as root auxins or auxin antagonists. The differences 
between the naphthalene and naphthoxy acids have already been pointed out 
by Veldstra. He has given an explanation of the higher auxin activity of 
{-naphthalene- and 2-naphthoxyacetic acids founded on the sterical behaviour 
of the side chain, in accordance with his general view of this problem. This 
would account for a lower activity of the other two compounds but hardly 
for a strong antagonistic effect, since the steric differences, especially between 
Ihe naphthoxy acids, seems to be small. Äberg has compared the four acids 
on flax roots, which are more susceptible to auxins and hardly react signi- 
ficantly against growth-promoting compounds. He has for that reason 
observed only growth inhibitions by all four acids, missed the other effects, 
and consequently founded the explanations on an incomplete material. 

Two points should be emphasized which may be pertinent to the structure- 
activity problem: 
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(1) — Both naphthaleneacetic acids are strongly active between 1077 and 
10-65 M, both naphthoxyacetic acids equally active between 3 : 106 and 
3105 M. The quantitative effect depends only upon the type of linkage 
between ring and side chain. 

(2) acement of the side chain causes a complete reversal of the 
activity from a positive to a negative one within each pair of acids. The 
qualitative response depends also upon the location of the side chain. The 
shift in activity resembles a physiologic all-or-none reaction more than 
something depending upon a quantitative competition for places in an active 
system. 


Summary 


(1) — A study has been made of the root growth activity of 1-naphthalene- 
acetic, 2-naphthaleneacetic, 1-naphthoxyacetic, and 2-naphthoxyacetic acids, 
and with all reciprocal combinations of the acids. 

(2) — The following effects were observed: 1-NAA, only growth inhibi- 
tion; 2-NAA, with increasing concentration a weak inhibition, a rather strong 
growth promotion, and a final growth inhibition; 1-NOAA, growth promo- 
tion only; 2-NOAA, a weak inhibition followed by a weak promotion and a 
strong inhibition. 

(3) — It has been concluded that the actions of 1-NAA, 1-NOAA, the final 
inhibition by 2-NOAA and the promotion by 2-NAA are physiologically 
identical or mutually antagonistic. 

(4) — The final inhibition by 2-NAA and the weak effects at low con- 
centrations of 2-NAA and 2-NOAA are of a different nature. 

(5) — Thus 1-NAA and 2-NOAA should be classified as auxins, 2-NAA 
and 1-NOAA as equally strong antagonists or root auxins. 

(6) — The position of the side chain only changes the qualitative not the 
quantitative effect Of the acids. 

(7) 


in era and for the structure-activity problem have been pointed out. 


growth activity curves 
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Introduction 


In recent years, intensive investigations of the aquatic Phycomycete, 
Blastocladiella emersonii, have led to some insight into the biochemical basis 
for morphogenesis in this organism (Cantino, 4, 6, 7, and references therein). 
In brief, one morphogenetic pathway (that leading to the formation of thick- 
walled, brown, resistant sporangia) is initiated and maintained by bicar- 
bonate which apparently interferes with decarboxylation in the tricarboxylic 
acid cycle and thus brings about the accumulation of increased concentra- 
tions of alpha-ketoglutarate within the organism. Concomitantly, various 
shunt mechanisms are initiated which lead to the synthesis of new materials 
associated with the composition and architecture of the plant; one such 
substance is a melanin-like pigment localized in the thick, chitinous wall of 
the resistant sporangium. It is the purpose of this report (1), to partially 
elucidate the general nature of the coupling between the imposilion of the 
bicarbonate »trigger mechanism» and the initiation of the shunt mechanisms 
which ultimately lead to melanin synthesis, and more specifically (2), to 
present direct evidence that the ketoglutarate which accumulates within the 
plant at the onset of morphogenesis does, indeed, play a direct and causal 
role in the initiation and maintenance of reactions responsible for melanin 
synthesis during morphogenesis. 

Ei This work was supported, in part, by the U.S. Public Health Service, Grant E-581 (C 2) 
and (C3). 
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Materials and Methods 


Cultures of Blastocladiella emersonii (Cantino and Hyatt, 10) were grown in 
liquid medium PYG'/2B (Cantino, 4), whose composition was as follows: peptone 
(Difco), 1.25 g., yeast extract (Difco), 1.25 g., glucose, 3.0 g., NaHCO;, 1.0 g., aq 
brom cresol purple (0.4 per cent), 0.8 ml., and distilled water to make 1000.0 ml. 
For this particular investigation, it was necessary to obtain large quantities of 
resistant-sporangial plants in liquid culture. After some manipulation of environ- 
mental conditions, it was established that this could be achieved by growing the 
fungus between ca 25° and 30° C. either (1), in 150 ml. of medium PYGVsB in 
250 ml. Erlenmeyer flasks on a rotary-tilting type Ross-Kershaw shaker (180 oscilla- 
tions per minute) or (2), in 4000 ml. of medium PYGt/2B in 6000 ml. flasks fitted 
with an aeration device through which a continuous stream of air was bubbled 
vigorously during growth. Aeration was sufficiently rapid to maintain all fungus 
thalli thoroughly suspended and constantly agitated. Under these conditions, the 
usually-flocculent and dispersed type of growth is not obtained; instead, there are 
formed discrete, compact, dark-brown, roughly-spherical, hollow colonies which 
consist of hundreds of resistant-sporangial plants tightly entangled with one another 
by rhizoids (Figure 1). When a normally-flocculant, dispersed type of growth of 
thin-walled plants was required, cultures were incubated in essentially the same 
manner except that the basal medium did not contain bicarbonate. 

Cultures were harvested by suction on filter paper in Büchner funnels and washed 
thoroughly with distilled water (ca 2000 m1./4.0 gm. wet weight); for preparation 
of dry powders, the washed fungus mats were dessicated under vacuum over 
calcium chloride at 5° C. for 24 hours, ground to a uniform, brown powder in 
pre-chilled mortar and pestle, and refrigerated at 0° C. over calcium chloride in 
closed tubes. Such dried powders, as well as freshly-harvested mats of whole plants, 
were hcmogenized as needed in order to prepare enzymatically-active, cell-free 
extracts. Although ordinary glass homogenizers were perfectly satisfactory for the 
preparation of extracts from thin-walled plants (Cantino and Hyatt, 8), they could 
not be used with suspensions of resistant-sporangial plants; the thickness and 
stickiness of the latter rendered homogenization tedious and slow, and further- 
more, the thick-walled sporangia were seldom broken in the process. Therefore, in 
the earlier experiments, the plant material was homogenized for ca 15 minutes in 
pre-chilled mortar and pestle with acid-washed sand or powdered glass (about two 
parts dry weight of powder or whole cells to one part of sand or glass in 25 ml. of 
1.4107! M phosphate, pH 7.0). Cells were also disrupted with a sonic oscillator 
(Raytheon) in one experiment. Finally, we evolved a simple technique whereby 
powders and whole plants (0.4 g. dry weight of powder or its equivalent of whole 
plants/10.0 ml. buffer) were homogenized for one or two hours in a modified »ball 
mill» bathed in an ice bath and powered by a magnetic stirring device (Figure 2). 
A grinding mixture made up of 10 per cent carborundum (finest grade) and 90 per 
cent powdered glass facilitated the complete disintegration of the resistant sporangia, 
One part of grinding mixture was used per two parts of dried powder or its 
equivalent of whole plants, 

Homogenates were then dialyzed (with exceptions as noted in the context) against 
running tap water (ca 25 QG) for six to eight hours, or against 1.41071 M phos- 
phate buffer, pH 7.0, at 4° C. for twenty to twenty-four hours, with one change of 


buffer. Dialyzed homogenates were then centrifuged (with exceptions as noted in 
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Figure 1. Spherical colonies of resistant-sporangial plants of B. emersonii, derived from 
10-day old shake-cultures grown on medium PYG'/2B. 


Figure 2. Modified »ball mill» used for homogenization of resistant sporangial plants of 
B. emersonii. A teflon-coated bar magnet, placed upon glass beads in the 125 ml. flask 
and powered by a magnetic stirring device from below, was rotated approximately 500 to 
900 times/minute. 


the context) at 500XG and 1° C. for five minutes; supernatants derived therefrom 
were used directly for studies of oxidative enzymes. Homogenates and supernatants 
were always prepared immediately before use. 

Acetone powders were prepared by mixing dialyzed or undialvzed supernatants 
with 10 volumes of acetone, centrifuging, and drying the white powder in a vacuum 
dessicator at 4° C. 

Manometric studies were made with a conventional Barcroft-Warburg mano- 
meter (ca 120 oscillations/minute) using 2.0 ml. of reaction mixture and 0.2 ml. of 
10 per cent KOH in the center well equipped with a filter paper wick. Contents of 
side arms were tipped in after ten minutes equilibration at 29° C. 

Spectrophotometric studies were made with a conventional model DU Beckman 
spectrophotometer, using quartz cuvettes of 1 cm. light path. In certain experiments, 
a Klett-Summerson colorimeter was used. 

For analytical purposes, reaction mixtures were deproteinized with zine hydroxide; 
cleared supernatants were extracted continuously with peroxide-free ether, using a 
modified version (manufactured by Scientific Glass Apparatus Co., Bloomfield, N.J.) 
of the apparatus described by Schmall et al (25). Control runs were made with 
organic acids of low partition coefficient (e.g. citric, cis-aconitic, isocitric, keto- 
glutaric, etc.) to determine the time required for a satisfactory recovery, 

Chromatographic separation of organic acids in supernatants and ether extracts 
was accomplished by the method of Lugg and Overell (19), using a slightly-modified 
solvent system (n-butanol/aq. 4.0 10-1 M formic acid, equilibrated 48 hours before 
use), and 0.04 per cent alcoholic bromphenol blue, pH 6.8 for spraying. As a result, 
rf values differed slightly from those of Lugg and Overell as follows: (first value, 
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Lugg and Overell; second value, ours, averaged from 2 to 8 determinations) fumarate, 
0.84/0.89; succinate, 0.73/0.74; lactate, 0.72/0.67; pyruvate, 0.70/0.66; oxalacetate, 
0.65/0.64; ketoglutarate, 0.57/0.58; isocitrate, —/0.50; malate, 0.49/0.45; citrate, 


0.41/0.37; cis-aconitate, —/0.40. 

Characterizations and quantitative determinations of organic acids were made by 
fractional distillations, rf values, direct titrations, differential color reactions (Buch 
et al, 2), and the methods of Koepsell and Sharpe (17) and Miller and Muntz (22) 
as modified by Koenemann (16). 

The standard, highly-purified, tyrosinase preparation (No. C 318; 10,000 catecho- 
lase units/ml.) was generously supplied by Dr. C. R. Dawson, Columbia University, 
New York. The refrigerated enzyme was diluted as needed to yield solutions con- 
taining either 100 or 200 catecholase units/ml. The hyaluronidase (850 T.R.U./mg.) 
was kindly supplied by Dr. Joseph Seifter, Wyeth Institute of Applied Biochemistry, 
Philadelphia. 

Dihydroxyphenylalanine (dopa) was obtained from Nutritional Biochemicals 
Corp.; 2.0X10-2 M solutions, pH 7.0, were always prepared just before use. 
Tyrosine was obtained from Nutritional Biochemicals Corp. and made up as a 
1.7X10-? M solution in 1.7X10-? M NaOH. Catechol was obtained from Merck 
and Co.; 9X10-3 M and 2.7X10-! M solutions, pH 7.0, were freshly prepared for 
each experiment. The sources of all other chemicals were the same as those itemized 
in Cantino and Hyatt (8). 


Experimental 


Manometric studies. — Preliminary experiments established that whole- 
cell suspensions prepared from freshly-harvested resistant-sporangial plants 
oxidized catechol (in a catechol-hydroquinone system such as that used, for 
example, by Goddard and Holden, 14) at a reasonably rapid rate (Figure 6). 
At the end of an hour, final reaction mixtures were always red. In the 
absence of hydroquinone, rates for catechol oxidation were initially high but 
tapered off rapidly; in the absence of catechol, hydroquinone was not 
oxidized. Suspensions of dried powders derived from such plants displayed 
no significant loss of activity (Figure 6), thus greatly facilitating the pre- 
paration and subsequent storage of enzymatically-active material. Rates of 
oxygen consumption were roughly linear and directly related to the quantity 
of suspension used (Figure 3). With the relatively mild grinding techniques 
(morlar and pestle without added abrasives) used in the preparation of these 
suspensions, whether derived from powders or freshly-harvested plants, the 
rhizoid-bearing, basal cells were completely destroyed but virtualiy all 
resistant sporangia borne thereon remained unbroken. Thus, the results 
referred to above really represent rates of activity for suspensions of intact 
resistant sporangia. 

Presumably, permeability barriers had been destroyed in the thoroughly 
dessicated but intact resistant sporangia in dried powders. And yet, when 
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suspensions were centrifuged (500 and 1500 XG), supernatants derived there- 
from possessed virtually no activity; over 90 per cent of the catecholoxidizing 
capacity was always recovered in the centrifugate. Identical results were 
obtained with suspensions incubated at 5° C. for as long as five hours before 
centrifugation, as well as with centrifugates which were resuspended and 
then re-centrifuged sucessively three or four times. These results suggested 
that the enzymes responsible for oxidation of catechol were more or less 
localized within, and firmly bound to, the walls of the resistant sporangia. 


Subsequently, attempts were made to solubilize the enzyme by relatively 
mild procedures which might dissolve or partially disrupt the thick, chitinous 
walls of the resistant sporangia. For example, because of the presumed 
similarity between the building blocks of chitin and those of hyaluronic 
acid, suspensions of resistant sporangia were incubated for different time 
intervals, at 5 and 25° C., in several concentrations of hyaluronidase. No 
dissolution of the walls was detected microscopically, and no increase in 
catechol-oxidizing activity was obtained in the supernatants derived from 
the suspensions of resistant sporangia treated in this fashion. 


Finally, therefore, suspensions of resistant sporangia were treated more 
vigorously by grinding them for different time intervals with mortar and 
pestle, but in the presence of powdered glass. Homogenates were then centri- 
fuged, and both supernatants and centrifugates were tested manometrically 
once again for their capacity to oxidize catechol. It was clear (Figure 5) 
that the virtually-complete disintegration of resistant sporangia following 
three minutes of grinding was directly related to a sudden, very great (ca 
50-fold) increase in total (uncorrected for endogenous) activity of the super- 
natant and a relatively small (ca ‘/3-fold) decrease in total activity of the 
centrifugate. When corrected for endogenous respiration in the absence of 
catechol, however, the results (not shown in figure) revealed that once again, 
most (ca 60 to 80 per cent) of the catechol-oxidizing activity had been 
retained in the centrifugate and that only ca 20 to 40 per cent had been 
recovered in the supernatant. Comparable results were obtained with suspen- 
sions, subjected to sonic vibration for ca one hour, wherein sporangia were 
completely disintegrated into very small wall fragments. Re-suspension of 
centrifugates, followed by further incubation at 4 C. for various time inter- 
vals and re-centrifugation did not induce any further leaching out of activity; 
the supernatants derived from them were always devoid of catechol-oxidizing 
enzymes. It was concluded that the thick walls of the dehydrated and pre- 
sumably-dead but intact resistant sporangia did impose a partial barrier 
upon the »dissolution» of the enzyme complex, but that nevertheless, even 
when such walls were thoroughly shattered, over 60 per cent of the enzyme 
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Figure 3. The rate of oxidation of catechol by different concentrations of suspensions of 
dried powders derived from resistant-sporangial plants. Each vessel contained 0.1 ml. each 
of 910-3 M catechol and 2.7X10—1 M hydroquinone (side arm), 0.6 ml. water, and 0.2, 
0.4, 0.8, or 1.0 ml. suspension (0.42 g. powder/5.25 ml. 1.4X10—1 M phosphate, pH 7.0) 
plus sufficient 1.4X10-! M phosphate to make 2.0 ml. total volume. Rates of oxygen con- 
sumption per minute were based upon average values of oxygen consumption after 
10 minutes (top curve), 30 minutes (middle curve), and 60 minutes (bottom curve). Results 
are not corrected for endogenous respiration, in the absence of substrate, which averaged 
15 to 20 per cent of rates delineated in the figure. 


Figure 4. The time course of the effect of added ketoglutarate upon the oxidation of 
catechol by dialyzed, whole homogenates of dried powders derived from resistant-sporangial 
plants. Each vessel contained 0.1 ml. 9x10-3 M catechol, 0.1 ml. 2.7X10-1 M hydro- 
quinone, and 0.2 ml. 10-! M ketoglutarate (all 3 in side arm), 1.0 ml. homogenate (0.4 g. 
powder/10 ml. 1.4xX10-! M phosphate, pH 7.0), and water to make 2.0 ml. All results are 
corrected for endogenous respiration in the absence of catechol, with and without keto- 
glutarate. Data were selected from results of many experiments in order to illustrate the 
range of variation for the effect of ketoglutarate. 


Figure 5. The effect of the length of homogenization-time upon the respiratory activity of 
dried powders derived from resistant-sporangial plants. Suspensions (0.4 g. powder/ 10.0 ml. 
14X10-1 M phosphate, pH 7.0) were incubated at 4° C. for 60 minutes, and then homo- 
genized in the presence of powdered glass with mortar and pestle for 3, 5, 10, and 15 
minutes. The homogenates were examined microscopically for the presence of unbroken 
resistant sporangia (counts made on ca 15 fields, selected at random, at a magnification 
of ca 100 diameters) and then centrifuged for 5 minutes at 500XG at 1° C. Centrifugates 
were resuspended in 10 ml. of phosphate. Each vessel contained 0.1 ml. each of 9X10—3 M 
catechol and 2.7 10~! M hydroquinone (side arm), 1.0 ml. of either the supernatant or 
the resuspended centrifugate, and water to make 2.0 ml. Results are not corrected for 
endogenous respiration in the absence of substrate. Open circles: supernatants. Shaded 
circles: resuspended centrifugates. Triangles: total activity, calculated from data for super- 
natants and centrifugates. Crosses: average number of unbroken resistant sporangia per field. 
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remained firmly bound to the chitinous, melanin-impregnated, fragments of 
these walls. 

For comparative purposes, manometric measurements were made of the 
rate at which catechol was oxidized by highly-purified tyrosinase (contain- 
ing 130 of Dawson’s catecholase units; cf. Miller et al, 21 and Materials and 
Methods) in our conventional catechol-hydroquinone reaction mixtures. This 
concentration of enzyme was chosen because, in our hands, the rate of oxygen 
consumption based upon a 10-minute reaction time was more or less directly 
proportional to the enzyme concentration at levels of 10 to 130 catecholase 
units per vessel. Beyond this point, further increases in enzyme concentration 
progressively yielded disproportionately smaller and smaller increases in 
oxygen consumption. Under these conditions, then, it was determined that 
one unit of catecholase consumed ca 11 ul. O,/hour (corrected for endo- 
genous). On this basis, and assuming for the moment that oxidation of 
catechol by cell-free homogenates was due to the presence therein of a 
polyphenol oxidase with catecholase activity, numerous measurements 
revealed that our suspensions of dead, intact resistant sporangia generally 
contained from 150 to 180 catecholase units per gm. dry weight of plant 
material. 

On the other hand, if our concepts (e.g. Cantino, 4, 5, 6, 7) about morpho- 
genesis in Blastocladiella were essentially correct, then it followed that the 
colorless, thin-walled plants of the fungus should display little if any poly- 
phenol oxidase activity. Numerous manometric measurements were therefore 
made with homogenates of freshly-harvested plants, as well as dried powders, 
derived from 4 to 12 day-old cultures of thin-walled plants. A variety of 
preparations was tested, including dialyzed and undialyzed acetone powders 
and dialyzed and undialyzed supernatants and whole homogenates prepared 
with and without the use of sand, glass, and carborundum. In every instance, 
the catecholase activity of such preparations was practically negligible 
(whether or not ketoglutarate was added; see next section) . . . from zero 
to 8, with an average of 4 units per gm. dry weight of plant material. The 
possibility that lack of polyphenol oxidase activity was due to the presence 
of some kind of an inhibitor was tentatively ruled out by the observation 
that homogenates of thin-walled plants did not inhibit the activity of cell-free 
preparations of resistant-sporangial plants. Thus, homogenates of thin-walled 
plants of B. emersonii did not possess the capacity to oxidize catechol. These 
results provided substantial, direct, and corroborative evidence for our 
notions that the appearance of the enzyme systems required for the synthesis 
of melanin is associated solely with the alternate developmental pathway, 
induced by bicarbonate, which culminates in the formation of brown, thick- 


walled, resistant sporangia. 
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Following these initial experiments, all subsequent homogenizations were 
performed with the apparatus illustrated in Figure 2; the procedure, involving 
a minimum of effort, insured the preparation of consistently very active 
homogenates in which all resistant sporangia were completely destroyed. It 
was soon discovered that the capacity of the homogenates to oxidize catechol 
(as well as tyrosine and »dopa») was completely lost following dialysis (lower 
curve, Figure 7). The addition of ketoglutarate to the reaction mixtures 
brought about an initial, almost-complete, recovery of the rates of activity 
originally found in the undialysed homogenates (Figure 7) (ketoglutaric 
acid, detectable in resistant sporangial plants (Cantino, 6), was presumably 
removed from the homogenates by dialysis). In the absence of catechol, 
alpha-ketoglutarate was not oxidized. Although the oxidation of catechol 
was inhibited by phenylthiourea (10? to 10°? M), rates and total quantities 
of oxygen consumed were not affected by (1), 10~* to 4X 10~* M KCN (a level 
quite effective in causing complete inhibition of the cytochrome oxidase 
activity in homogenates of thin-walled plants of this fungus (Cantino, 5; 
Cantino and Hyatt, 8); (2), 3X10-? M arsenite (when corrected for non- 
enzymatic reactions between arsenite and hydroquinone); (3), 310-1 M 
malonate; and (4), 10~* to 10-5 M DPN (diphosphopyridine nucleotide). 
The effect of ketoglutarate appeared to be rather specific in that other acids 
(pyruvic, citric, iso-citric, cis-aconitic, etc.), as well as vitamins (pyridoxal 
phosphate, biotin, thiamine, etc.) could not substitute for it, either individually 
or in various combinations. The magnitude of the stimulation brought about 
by ketoglutarate varied somewhat within relatively narrow limits, but its 
stimulatory effect was demonstrated in every one of numerous replicate 
experiments; representative results are delineated in Fig. 4. 

Spectrophotometric studies. — Having established manometrically, via 
oxygen consumption, that ketoglutarate played some sort of a vital role 
in the enzymatic oxidation of catechol by homogenates of resistant sporangial 
plants of Blastocladiella emersonii, attempts were made to corroborate and 
to further elucidate the phenomenon spectrophotometrically. For this pur- 
pose, it was obviously impossible to employ whole homogenates. However, 
the foregoing manometric studies had established that supernatants derived 
from homogenates always possessed a small but significant amount of cate- 
chol-oxidizing activity; therefore, homogenates of dried powders were centri- 
fuged at 500 XG, and the resulting supernatants were dialyzed against phos- 
phate buffer and then used directly for the following spectrophotometric 
assays. 

(Experiments with cytochrome C). — The enzymatic oxidation of catechol 
was conveniently followed by measuring the simultaneous reduction of cylo- 
chrome C at 550 mu. (Actually, as explained below, reduction of cytochrome 
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C is non-enzymatic; it is dependent upon the enzymatic oxidation of catechol 
only because the latter generates the quinones with which the cytochrome 
reacts). In the absence of supernatant, or alternatively, in the absence of 
catechol, no reduction of cytochrome occurred (Figure 12). Once again, 
incorporation of ketoglutarate in the reaction mixtures not only increased 
the initial rates of reduction of cytochrome C, but it also maintained them 
al a reasonably constant value whereas without it, rates had tended to taper 
off (Figure 12). In the absence of catechol, ketoglutarate did not effect reduc- 
tion of the cytochrome; in the absence of supernatant, no reaction occurred 
between ketoglutarate and catechol. As in the foregoing manometric experi- 
ments, the effect appeared to be specific in that other acids did not bring 
about the stimulation of activity. In fact, the addition of isocitrate to reaction 
mixtures containing ketoglutarate actually depressed the rates by about 
30 per cent (these observations on the effect of isocitrate are not without 
significance; see discussion). Neither cyanide (10-4 M) nor DPN (1074 M) 
had any effect upon the rates of reduction of cytochrome C when they were 
incorporated in reaction mixtures, irrespective of the presence or absence of 
ketoglutarate. In all of the foregoing experiments, the enzyme (supernatant) 
concentration was not limiting (Figures 16, 17). 

(Experiments with pyridine nucleotides). — The catechol-oxidizing activity 
of cell-free preparations was also followed at 340 mu via the enzymatic 
reduction of TPN to which the oxidation of catechol was coupled. In the 
absence of either catechol or supernatant, or alternatively, when the super- 
natant was boiled, no reduction occurred (Figure 8). DPN, on the other 
hand, was completely ineffective as an electron acceptor during oxidation 
of catechol. Although 10°? M 2,4 dinitrophenol yielded no detectable inhibi- 
tion, the reaction (as measured by the reduction of TPN) was inhibited 
100 per cent by 10”? M phenylthiourea. Once again, incorporation of keto- 
glutarate in the reaction mixtures consistently brought about a small but 
significant stimulation in the rate of,reduction of TPN (Fig. 8) and, as with 
the cytochrome C experiments, the presence of the acid tended to prevent 
the rates from tapering off. Most significant, however, were the additional 
observations that the stimulatory effect of ketoglutarate was greatly accen- 
tuated when bicarbonate was also present in the reaction mixture (Figure 18). 

(Experiments with enzymatically-produced quinones). — In view of the 
complexity of the presumed mechanism for the tyrosinase-catalyzed oxidation 
of catechol (Dawson and Tarpley, 13; cf. also Figure 19), the foregoing 
experiments could not provide definitive information about the actual site 
of action of ketoglutarate, nor the loci at which cytochrome C and TPN 
were reduced, in the reaction chain leading from catechol to its oxidation 
products. In the following experiments, therefore, we relied heavily upon 
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Figure 6. À comparison of the oxidation of catechol by suspensions of freshly-harvested 
resistant-sporangial plants with that by suspensions of dried powders derived from 
resistant-sporangial plants. Suspensions of freshly-harvested plants (4.07 g. wet weight/ 
15.2 ml. 1.4X10-1 M phosphate, pH 7.0, equivalent to 0.4 g. dry weight/10 ml. phosphate) 
and dried powders (0.4 g./10 ml. phosphate) were prepared with mortar and pestle. Each 
vessel contained 0.1 ml. each of 9X10—% M catechol and 2.7X10—1 M hydroquinone (side 
arm), 1.0 ml. of suspension, and water to make 2.0 ml. Two top curves: upper curve, 
freshly-harvested plants; lower curve, dried powders. Two bottom curves: endogenous 
respiration in the absence of substrate. 


Figure 7. The effect of added ketoglutarate upon the oxidation of catechol, tyrosine, and 
dihydroxyphenylalanine by dialyzed homogenates of dried powders derived from resistant 
sporangial plants. Each vessel contained either 0.1 ml. each of 9X10—% M catechol and 
2.7x10-! M hydroquinone, 0.2 ml. of 8.3X10—% M tyrosine in 1.7xX10-3 M NaOH, or 
0.2 ml. of 2.7X10-? M dihydroxyphenylalanine in the side arm, along with 0.2 ml. of 
10-1 M ketoglutarate, and 1.0 ml. of homogenate and water in the main well to make 
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2.0.ml. Three upper curves: open circles, catechol and hydroquinone; shaded circles, tyro- 
sine; triangles, dihydroxyphenylalanine. Bottom curve: maximum level of respiration 
obtained in the absence of ketoglutarate for all substrates. 


Figure 8. The effect of ketoglutarate upon the oxidation of catechol by dialyzed super- 
natants derived from homogenates (0.4 g.[10 ml. phosphate) of dried, powdered resistant- 
sporangial plants as measured by the coupled reduction of TPN at 340 mu. Each cuvette 
contained: 1.0 ml. 1.4X10—1 M phosphate, pH 7.0, 0.3 ml. supernatant, 0.3 ml. 2.7x10-1 M 
catechol, 0.25 ml. 2.5x16-3 M TPN, additions as noted below, and water to make 3.0 ml. 
Upper curves: open circles, 0.5 ml. 10-1 M ketoglutarate incorporated in reaction mixture; 
shaded circles, no additions. Lower curve: endogenous activity in the absence of catechol. 


Figure 9. The oxidation of isocitrate by dialyzed supernatants, as measured by the coupled 
reduction of TPN at 340 mu, and by the coupled reduction of cytochrome C, via TPN, at 
550 mu. Supernatants were prepared as for Figure 8. Each cuvette contained 0.5 ml. of 
10—' M isocitrate, 0.3 ml. supernatant, 1.0 ml. of 1.4X10-! M phosphate, addition as noted 
below, and water to make 3.0 ml. Upper curves: shaded circles, 0.25 ml. 2.5%x10-3 M 
TPN; open circles, 0.05 ml. 2.5X10—% M TPN and 0.5 ml. 1.7 10-4 M cytochrome C. Lower 
curve: endogenous level in the absence of substrate. 


Figure 10. The absorption spectrum of an alkaline solution of the pigment in dried, 
powdered resistant sporangia of B. emersonii. 


Figure 11. The absorption spectra of the product of the enzymatic oxidation of catechol 
by dialyzed supernatants. Shaded circles (two lower curves): reaction mixtures contained 
0.3 ml. supernatant, 0.3 ml. 2.7x10—! M catechol, 1.0 ml. 14X10—1 M phosphate, pH 7.0, 
and water to make 3.0 ml; reaction mixtures were incubated 28 minutes (lower curve) and 
137 minutes (upper curve) at 30° C. Shaded circles (two upper curves): reaction mixtures 
as outlined above except that they also contained 0.5 ml. 10-1 M ketoglutarate. Reaction 
mixtures were incubated 28 minutes (lower curve) and 137 minutes (upper curve) at 30° C. 
Open circles: reaction mixture contained 5.0 ml. 1.4x10—! M phosphate, pH 7.0, 1.0 ml. 
2.7X10—1 M catechol, and 0.05 ml. of tyrosinase (106 units of catecholase/ml.). Reaction 
stopped after 4 minutes. 


Figure 12. The effect of ketoglutarate on the oxidation of catechol by dialyzed super- 
natants, as measured by the coupled, non-enzymatic reduction of cytochrome C at 550 mu. 
Supernatants were prepared as for Figure 8. Each cuvette contained 0.3 ml. of super- 
natant, 1.0 ml. 1.4X10-1 M phosphate, pH 7.0, 0.5 ml. 1.7%10—4 M cytochrome C, 0.3 ml. 
2.7x10-1 M catechol, additions as indicated below, and water to make 3.0 ml. Open 
circles: reaction mixture contained 0.5 ml. 10—! M ketoglutarate. Shaded circles: no addi- 
tions. Triangles: reaction mixture did not contain supernatant. 


Figure 13. The reaction between cytochrome C and the oxidation products of catechol, 
as measured at 550 and 480 mu. Supernatants were prepared as for Figure 8. Shaded 
zircles: reaction mixtures containing 0.5. ml. supernatant, 1.7 ml. 1.4x10-! M phosphate, 
0.5 ml. 2.7x10-1 M catechol, and 2.3 ml. water were incubated 2 hours at 30° C. Aliquots 
(2.5 ml.) of above solution was then mixed with 0.5 ml. 1.710~-* M cytochrome C and 
read intermittently at 480 and 550 mu. Open circles: reaction mixtures as above, but con- 
taining 0.5 ml. 10-! M ketoglutarate. 

Figure 14. The efject of aeration on the oxidation of catechol by dialyzed supernatants and 
by tyrosinase, as measured by color formation in the reaction mixtures. Supernatants were 
prepared as for Figure 8. All reaction mixtures contained 0.5 ml. 2.7X10-! M catechol, 
1.67 ml. 1.4x10-! M phosphate, additions as indicated below, and water to make 5.0 ml. 
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Two upper curves: both reaction mixtures contained 0.5 ml. tyrosinase (100 units cate- 
cholase/ml.) but one (shaded circles) also contained 0.84 ml. 10-1 M ketoglutarate while 
the other (open circles) did not. Four lower curves: all four reaction mixtures contained 
0.5 ml. supernatant, and 0.84 ml. 10-1 M ketoglutarate, but one (upper curve) was aerated 
vigorously, a second (middle curve) not aerated, and other two (lower curves) made 
anaerobic in Thunberg tubes. 

Figure 15. The oxidation of reduced cytochrome C by ketoglutarate in the presence of 
dialyzed supernatants, as measured at 550 mu. Supernatants were prepared as for Figure 8. 
Cuvettes contained 0.5 ml. 1.7X10—4 M cytochrome C (reduced immediately before use 
with dithionate), 1.0 ml. 1.4X10-1 M phosphate, 0.5 ml. 10-! M ketoglutarate, 0.2 ml. 
water, and 0.5 ml. phosphate-bicarbonate buffer, pH 6.8 (2.0 g. NaHCO3 per 100 ml. 
1.7X10—1 M phosphate, pH 5.7). 


Figure 16. The effect of different concentrations of catechol upon the enzymatic oxidation 
of catechol by dialyzed supernatants, as measured by the coupled, non-enzymatic reduction 
of cytochrome C at 550 mu. Each cuvette contained 1.0 ml. 1.4x10-! M phosphate, 0.5 ml. 
1.7X10—4 M cytochrome C, 0.3 ml. supernatant, 2.7x10-! M catechol as indicated below, 
and water to make 3.0 ml. Shaded circles: 0.3 ml. catechol. Open circles: 0.1 ml. catechel. 
Triangles: 0.05 ml. catechol. 


Figure 17. The effect of different concentrations of supernatant upon the enzymatic oxida- 
tion of catechol, as measured by the coupled, non-enzymatic reduction of cytochrome C 
at 550 mu. Each cuvette contained 1.0 ml. 1.4X10—1 M phosphate, 0.5 ml. 1.7x10-* M 
cytochrome C, 0.3 ml. 2.7x10-! M catechol, supernatant as indicated below, and water 
to make 3.0 ml. Two upper curves: 0.5 ml. (open circles) and 0.3 ml. (shaded circles) of 
supernatant. Two lower curves: 0.1 ml. (open circles) and 0.05 ml. (shaded circles) of 
supernatant, 


the observations that the absorption spectrum of o-quinone exhibits a peak 
at 390 mu and then tapers off rapidly until at 480 mu very little absorption 
occurs, whereas the spectrum for hydroxy-o-quinone has a well-defined peak 
in the vicinity of 480 mu (cf. Tarpley, 28). 

When supernatants were incubated aerobically with catechol, reddish 
oxidation products were formed; in the presence of ketoglutarate in other- 
wise identical reaction mixtures, far greater quantities were produced 
(Figure 14). Absorption spectra were then run on the aerobic reaction mix- 
lures, both with and without the addition of ketoglutarate, after incubation 
for 28 and 137 minutes, respectively (Figure 11). The comparative optical 
densities revealed once again that ketoglutarate induced increased produc- 
tion of colored products. In addition, the spectra obtained after 137 minutes 
were characterized by a well-defined, highly reproducible peak at 480 mu; 
a peak, therefore, which apparently appeared only after the reaction was 
well under way. Spectra of reaction mixtures in which catechol had been 
oxidized by purified tyrosinase preparations never exhibited such a peak 
(Figure 11, and cf. Tarpley, 28 who was also unable to detect any piling 
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Figure 18. The effect of bicarbonate upon the 
oxidation of catechol by dialyzed supernatants, as 
measured by the coupled reduction of TPN at 
340 my. Supernatants were prepared as for Figure 
8. Each cuvette contained: 1.0 ml. 1.4x10-1 M 
phosphate, pH 7.0, 0.3 ml. supernatant, 0.3 ml. 
2.7X10—1 M catechol, 0.25 ml. 2.5x10-° M TPN, 
additions as noted below, and water to make 3.0 ml. 
Shaded triangles: as above. Shaded circles: plus 
0.5 ml. 10-1 M ketoglutarate. Open triangles: plus 
0.5 ml. phosphate-bicarbonate buffer, pH 6.8 (2.0 g. 
NaHCOs per 100 ml. 1.7X10-1 M phosphate, 
pH 5.7). Open circles: plus 0.5 ml. phosphate- 
bicarbonate buffer and 0.5 ml. 10-1 M ketoglu- 
tarate. 


40.0 


[6) 10 20 30 
minutes 


up of hydroxy-o-quinone in similar reaction mixtures). It was assumed 
that the 480 u peak was due to the accumulation of hydroxy-o-quinone 
resulting from the enzymatic oxidation of catechol by cell-free preparations 
of B. emersonii. 

Once again, incorporation of KCN had no detectable effect upon either 
reaction as measured colorimetrically, while phenylthiourea induced com- 
plete inhibition. Oxygen was apparently essential for the production of these 
chromogens; vigorous aeration increased the rates of their production 
whereas in the absence of oxygen, virtually no color developed (Figure 14). 
Furthermore, without oxygen, neither ketoglutarate nor carrier quantities of 
TPN had any effect upon the course of the reaction as judged by these 
criteria. When colored catechol-quinone mixtures were prepared enzymati- 
cally as described above, boiled, and then mixed with ketoglutarate, no 
change occurred in their absorption spectra; apparently, ketoglutarate did 
not react non-enzymatically with either catechol or colored quinones. It was 
clearly established, however, that oxygen could be replaced by TPN as the 
electron acceptor in the primary oxidation of catechol (Table 1). In fact, under 
anaerobic conditions, the quantity of TPN reduced at the expense of catechol 
oxidation is approximately twice that reduced under aerobic conditions. 

Next, short time spectrophotometric experiments revealed that when 
aerobic reaction mixtures containing enzyme and catechol were followed at 
390 mu, no appreciable change in optical density could be detected. When 
TPN was incorporated along with the other ingredients, a small but signi- 
ficant rise in optical density (ca. 0.05) occurred, after which the readings 
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Table 1. The reduction of TPN via the oxidation of catechol under aerobic and anaerobic 
conditions at 30° C. Each vessel contained 0.25 ml. of 2.5x10-° M TPN, 1.0 ml. of 
1.4x10-! M phosphate buffer, ph 7.0, 0.3 ml. of supernatant, and water to make 3.0 ml. 
In addition, vessels 2 and 3 contained 0.36 ml. of 2.7x10-! M catechol. Vessel 3, a Thun- 
berg tube, was evacuated prior to tipping in the supernatant from the side arm. 


Minutes of Change in optical density at 340 mp 


incubation 


Vessel No. 1 (control) | Vessel No. 2 (aerobic) | Vessel No. 3 (anaerobic) 


30 | 0.013 0.084 0.158 | 
60 | 0.012 0.098 0.179 


at 390 mu leveled off to a constant value. But, when ketoglutarate and TPN 
were added simultaneously, then once again there was no detectable change 
at 390 mu. In both of the two latter experiments, optical density levels at 
340 mu (reduced TPN peak) rose continuously at rates similar to those 
delineated in Figure 8. We interpreted the results to mean that during the 
early stages of the oxidation of catechol and the concomitant reduction of 
TPN, small, transient quantities of o-quinone had tended to pile up mo- 
mentarily; in the presence of ketoglutarate, however, the accumulation of 
the o-quinone was prevented. 


When the enzymatically generated catechol-quinone reaction mixtures 
whose absorption spectra showed a well-defined peak at 480 mu were mixed 
with cytochrome C, the latter was rapidly reduced once again (Figure 13); 
in fact, cytochrome C was reduced far more rapidly than it had been when 
it was incorporated in fresh reaction mixtures containing only catechol and 
no accumulated, colored oxidation products (e.g., cf. rates shown in Figure 
12). Simultaneously, judging from the rapid decrease in optical density at 
480 mu, the hydroxy-o-quinone rapidly disappeared (Figure 13). But, when 
ketoglutarate was incorporated into these mixtures along with cytochrome, 
the rate of decrease in optical density at 480 mu was repressed by about 
50 per cent. In the absence of added cytochrome C, the enzyme-catechol- 
quinone system yielded no appreciable change at 480 mu unless ketoglutarate 
was also present, in which case a slight increase (ca 0.03 to 0.04) in optical 
density could always be detected at 480 mu. Finally, results identical with 
those shown in Figure 13 were also obtained when the pre-formed catechol- 
quinone reaction mixtures were boiled prior to the addition of cytochrome C. 
Thus, whereas it was clear that catechol and cytochrome did not react 
directly with one another non-enzymatically, it was equally certain that 
cytochrome did react non-enzymatically with one or more of the colored 
quinones which, in turn, had been derived via the enzymatic oxidation of 
catechol by cell-free extracts of Blastocladiella. 
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Experiments with similar reaction mixtures containing supernatant, cate- 
chol, and enzymatically-generated, colored quinones revealed that the addi- 
tion of TPN, unlike the addition of cytochrome, did not cause the disappear- 
ance of the hydroxy-o-quinone; that is, although TPN was rapidly reduced 
(increase in absorption at 340 mu as exemplified by results already shown 
in Figure 8), a simultaneous decrease in optical density at 480 mu did not 
occur. In fact, the addition of TPN induced a small but reproducible, gradual 
increase in absorption at 480 mu, and the effect was accentuated when keto- 
glutarate was present along with the TPN (ca 0.03 to 0.05 change in O.D. 
at 20 minutes). When reaction mixtures were boiled prior to the addition of 
TPN, no subsequent change in optical density occurred at either 340 or 
480 mu. It appeared once again as if TPN or ketoglutarate or both had driven 
the reaction leading to the formation of hydroxy-o-quinone. Thus, whereas 
reduction of cytochrome C was apparently geared to the non-enzymatic 
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oxidation of hydroxy-o-quinone, reduction of TPN was mediated enzymati- 
cally but apparently not driven by the further oxidation of hydroxy 
o-quinone; presumably, therefore, it was coupled to the reaction FESp ne 
for the genesis of hydroxy-o-quinone, that is, the oxidation of o-quinone (or 
tri-hydroxy benzene). It is notable, incidentally, that earlier pou 
(e.g. those represented in Figure 8) had already provided presumptive 
evidence that reduction of TPN was mediated enzymatically — experiments 
wherein the specificity of TPN had been demonstrated by the fact that DPN 
was not reduced during the oxidation of catechol by Blastocladiella super- 
natants. 

Assays for other enzymatic activities. — For reasons which will be clarified 
in subsequent sections and in the discussion, it was necessary to establish 
whether or not our cell-free preparations of resistant sporangia displayed 
any cytochrome oxidase, succinoxidase, ketoglutarate oxidase, or isocitrate 
dehydrogenase activity. 


The techniques used, already employed in the study of homogenates of the thin- 
walled plants of B. emersonii (Cantino and Hyatt, 8) were briefly as follows: 
(1), oxidation of isocitrate was followed by the coupled reduction of TPN at 340 mu 
and by the coupled reduction of cytochrome C, via TPN, at 550 mu (see protocol 
under Figure 9); (2), oxidation of succinate, by the coupled reduction of cyto- 
chrome C, in the presence of a cyanide block, at 550 mu (0.3 ml. supernatant, 
1.0 ml. 1.4X10-1 M phosphate, pH 7.0, 0.63 ml. water, 0.5 ml. 1.7X10-* M cyto- 
chrome C, 0.075 ml. 0.006 M KCN, and 0.5 ml. 107! M succinate); (3), oxidation 
of ketoglutarate, by the coupled reduction of cytochrome C, via DPN, in the 
presence of a malonate and cyanide block, at 550 mu (0.3 ml. supernatant, 1.0 ml. 
1.4X10-1 M phosphate, pH 7.0, 0.19 ml. water, 0.5 ml. 1.7X10-* M cytochrome C, 
0.075 ml. 0.006 M KCN, 0.5 ml. 10”! M ketoglutarate, 0.2 ml. 1.5 M malonate, and 
0.24 ml. 2.5X10-% M DPN); (4), oxidation of reduced cytochrome C, by measure- 
ments at 550 mu (0.3 ml. supernatant. 0.5 ml. 1.7X10~4 M reduced cytochrome C 
in 1.4X 107! M phosphate, pH 7.0, and 1.0 ml. 1.4X10-! M phosphate). TPN- 
specific, isocitrate dehydrogenase activity was always easily detectable in our cell- 
free preparations (Figure 9). That the reaction was reversible was suggested by the 
fact that these same preparations also brought about a small but significant reduc- 
tion of ketoglutarate, but only in the presence of bicarbonate (Figure 15; cf. also 
subsequent section). On the other hand, it was impossible to detect any ketoglutarate 
oxidase, succinoxidase, or cytochrome oxidase activity. Because such activity was 
always easily demonstrable in homogenates of freshly-harvested, thin-walled plants 
(Cantino and Hyatt, 8, 9), the assays were also performed on undialyzed super- 
natants at several different concentrations derived from freshly-harvested cultures 
of resistant sporangial plants. Once again, the cell-free extracts were clearly deficient 
in ketoglutarate oxidase and cytochrome oxidase, and they possessed only very 


slight (ca one-tenth of that in thin-walled plants; Cantino and Hyatt, 8) succinic 
dehydrogenase activity. 


Identification of the products derived from ketoglutarate during the en- 
zymatic oxidation of catechol, — As a working hypothesis, it had been 
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assumed that ketoglutarate stimulated the oxidation of catechol by virtue 
of its concomitant reduction to isocitrate via the TPN-specific, isocitric 
dehydrogenase. 


To test this hypothesis further, reaction mixtures containing 5.1 ml. supernatant, 
5.1 ml. 0.27 M catechol, 4.25 ml. 2.5x10-3 M TPN, 8.5 ml. 0.1 M ketoglutarate, 
11.05 ml. water, and 17.0 ml. bicarbonate-phosphate buffer pH 6.8 (2.0 g. NaHCO. 
per 100 ml. 1.7X10-! M phosphate, pH 5.7) were incubated at 30° C. Control 
vessels without ketoglutarate, and without catechol, were also set up. Twelve ml. 
aliquots of each reaction mixture were removed at zero time, and at 20, 60, and 
120 minutes after addition of enzyme; they were then cleared immediately with 
zinc hydroxide. Organic acids were removed from these supernatants by continuous 
liquid-liquid ether extractions in some of the experiments; they were separated 
from one another by paper chromotography and distillation, characterized by their 
rf values, Duclaux constants, and certain color reactions, and other quantitative 
determinations as outlined in Material and Methods. The only acids recovered were 
ketoglutarate, lactate, and acetate, and trace quantities of isocitrate. 


The results revealed clearly that lactate and acetate, in roughly equivalent 
amounts, and trace quantities of isocitrate, gradually accumulated in the 
reaction mixtures during the course of the oxidation of catechol, and that up 
to 40 per cent of the ketoglutarate simultaneously disappeared. No other 
acidic products were detected. However, the lactate and acetate accounted 
for only 10 to 20 per cent of the ketoglutarate metabolized. This aspect of 
the problem is being pursued further, but the results are presented here 
because of their direct bearing upon the problem under investigation. These 
observations, together with (1), the fact that cell-free preparations of Blasto- 
cladiella were devoid of ketoglutarate oxidase, cytochrome oxidase, and 
succinoxidase activity but did possess isocitrate dehydrogenase activity, and 
(2), the observed effects of ketoglutarate upon catechol oxidation, particularly 
in the presence of bicarbonate, provide strong support for our suggestions 
that ketoglutarate underwent reductive carboxylation during the oxidation 
of catechol. 

(Separation of the catechol-oxidizing system from the quinone-oxidizing 
system). — À priori, it was assumed that perhaps the heterogeneous, en- 
zymatically-active supernatants of Blastocladiella could be separaled into 
(1), a fraction containing the enzyme system responsible for the oxidation 
of catechol to o-quinone (the latter, after hydration, being oxidized non- 
enzymatically by a second molecule of o-quinone to hydroxy-o-quinone) and 
(2), a second fraction containing the enzyme system which mediated the 
oxidation of tri-hydroxy benzene to hydroxy-o-quinone. If this were accom- 
plished, then it should have been possible 10 demonstrate that the activity 
of the catechol-oxidizing system would be independent of the presence or 
absence of ketoglutarate, whereas either the tri-hydroxy benzene-oxidizing 
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Table 2. The catechol-oxidizing activity of different fractions of cell-free preparations of 
Blastocladiella emersonii. All centrifugations were carried on for 5 minutes at 1° C. Super- 
natants (prepared by centrifugations of homogenates at 500XG) were centrifuged suc- 
cessively under different centrifugal fields (see context for details). Assays for catechol- 
oxidizing activity were made on all supernatants and resuspended centrifugates by following 
the reduction of TPN at 340 mu. Each cuvette contained: 0.3 ml. 0.27 M catechol, 0.3 ml. en- 
zyme, 0.25 ml. 2.5x10-°M TPN, 1.0 ml. bicarbonate-phosphate buffer, pH 6.8 (2.08. BARS 
per 100 ml. 1.7x10-! M phosphate, pH 5.7), and water to make 3.0 ml. Assays with each 
preparation were performed both in the presence and absence of 0.5 ml. of 0.1 M keto- 
glutarate. The basal levels of activity (change in optical density after 20 minutes, ca 0.08 
as depicted in fig. 18) obtained in the absence of ketoglutarate were the same for all the 


supernatants. 
es 
Per cent increase in activity of supernatants due to the 


Centrifugal field, X G presence of ketoglutarate! 


500 74.0 
900 71.0 
| 1,500 95.6 
| 3,000 192.0 | 
10,000 173.2 
20,000 141.3 | 


1 The difference between increase in optical density after 20 minutes in. the presence 
and in the absence of ketoglutarate, divided by the increase in optical density after 20 
minutes in the absence of ketoglutarate; X 100. 


system or the heterogeneous mixture of both enzymes would be dependent 
upon the presence of ketoglutarate for optimum activity. When viewed in 
retrospect, perhaps it would have been quite fortuitous to find that the two 
enzyme systems occurred in particulates of sufficiently different dimensions 
such that they could be separated directly by differential centrifugation. 
Nevertheless, attempts were made to test this possibility. 

Homogenates, prepared in the usual way, were centrifuged at 500XG. The 
centrifugates were then resuspended and the supernatants were centrifuged once 
again at 900 XG. The centrifugates derived therefrom were resuspended once more. 
Supernatants and centrifugates were separated in similar fashion following sub- 
sequent centrifugations at 1500, 3000, 10,000, and 20,000 X G. Each supernatant and 
each resuspended centrifugate was then assayed for catechol-oxidizing activity 


spectrophotometrically via the coupled reduction of TPN at 340 mu, both in the 
presence and absence of ketoglutarate. 


From the results in Table 2, it is evident (1), that ketoglutarate signi- 
ficantly stimulated the rate at which each supernatant reduced TPN; but 
2), that a maximum degree of stimulation was associated with the super- 
natants derived from the centrifugations at 3000XG. Assays also revealed 
that isocitrate dehydrogenase activity (see previous section for assay methods) 
was easily detectable in the supernatants but not in the resuspended centri- 
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Figure 20. The time course of the effect of added 
ketoglutarate upon the oxidation of catechol by dif- 
ferent fractions of acetone powders derived from 
supernatants, as measured by the formation of red 
oxidation products. Supernatants were prepared as 
for Figure 8. (For preparation of acetone powders 
and subsequent fractionations, see context). Each 
vessel contained 0.6 ml. 2.7 X 10-1! M catechol, 0.6 ml. 
enzyme, 2.0 ml. bicarbonate-phosphate buffer (see 
Table 3), and water to make 6.0 ml. Assays with 
each preparation were performed both in the pre- 
sence and absence of 1.0 ml. 10-! M ketoglutarate 
on the Klett-Summerson colorimeter (green filter). 
Curves 1, 2, 3, and 4 correspond to enzyme prepara- 
tions derived by fractional precipitation with 3.02, 
4.54, 6.04, and 6.80 g. ammonium sulfate/10 ml. 
respectively (cf. context). The basal rates obtained 
for each preparation in the absence of added keto- © 50 100 
glutarate are shown in the insert. minutes 


100 
minutes 


Increase in O.D. due to Ketoglutarate (%) 


fugates. Thus, it was impossible to effect directly, a complete resolution of 
the two enzyme systems by differential centrifugations in fields as high as 
20,000 X G. 

However, the technique of salting out proteins is also based to some extent 
upon consideration of the size of protein molecules, and in a general way, 
the size of the precipitated protein molecule is inversely related to the con- 
centration of salt that induces it to precipitate. Using undialyzed supernatants 
derived from homogenates centrifuged at 500 XG, very active acetone frac- 
tions were also prepared by mixing the former with 10 volumes of acetone 
and then resuspending the precipitates in phosphate buffer. In- this case, 
using the phosphate-bicarbonate buffer once again, the strong stimulatory 
effect of ketoglutarate (average of 200 per cent increase in activity) was 
easily demonstrable whenever the enzyme was dialyzed overnight against 
phosphate. Dialysis reduced the catechol oxidizing capacity to ca one fourth 
or less of that for the undialyzed preparations, and the addition of keto- 
glutarate brought about almost complete recovery of this activity. Acetone 
powders, derived from undialysed supernatants, were then suspended in 
phosphate buffer; ammonium sulfate (3.02 g./10 ml.) was dissolved therein, 
and they were then centrifuged. In similar fashion, the supernatants derived 
therefrom were subjected to successive fractional precipitation with ammo- 
nium sulfate at 4.54, 6.04, and 6.8 g./10 ml. The precipitates were each 
redissolved in a volume of phosphate buffer equivalent to 1/4 of the original 
volume of supernatant. These preparations were incubated at 30° C with 
catechol and bicarbonate-phosphate buffer in the presence and absence of 
ketoglutarate; the course of the reaction was followed colorimetrically. The 
results (Figure 20) revealed that, in the absence of ketoglutarate, all frac- 
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tions displayed rather low, but fully-comparable, catechol-oxidizing activ- 
ities. However, whereas the addition of ketoglutarate to these reaction 
mixtures induced only slight stimulation of the activity in one preparation 
and a somewhat greater stimulation in a second, it caused a pronounced 
stimulation of that in the other two fractions. 

Characterization of the brown pigment. — There are apparently a variety 
of melanin-like pigments, and no simple, direct, and definitive methods for 
establishing their identity. We therefore chose, tentatively, to characterize 
the deep brown pigment in the walls of resistant sporangia on the basis of 
criteria such as those employed by Schaeffer (24) in an investigation of the 
brown pigments produced by a mutant strain of Neurospora. A dried, pow- 
dered preparation of B. emersonii was refluxed for 30 minutes in alkali 
(450 mg. powder/30 ml. 0.5 N NaOH). The brown, slightly-turbid, alkaline 
solution was filtered and diluted with an equal volume of water, and the 
absorption spectrum of the filtrate was determined between 400 and 600 mu. 
The slope of the plot, log optical density vs wave length (0.00285, average 
of our data) was almost identical with that (0.0027, average of Schaeffer’s 
data) reported by Shaeffer (Figure 10). Saturation with ammonium sulfate 
induced precipitation of a brown, flocculent precipitate. These results, along 
with our observations of the effects of phenylthiourea on the biosynthesis 
of the brown pigment in vivo (Cantino, 5) and the enzymatic oxidation of 
catechol in vitro (reported herein), are consistent with, and offer evidence 
for, the belief that the pigment is indeed melanin. 


Discussion 


As a result of the first strictly in vivo studies of Blastocladiella emersonii 
(Cantino, 3, 4), it was ascertained that developmental pathways for this 
organism were clearly under the control of the environment. More specifically, 
Ihe presence of elevated concentrations of bicarbonate invariably induced 
young thalli to develop into plants bearing resistant sporangia with thick, 
pitted, chitinous walls impregnated with a deep-brown, presumably melanin- 
like pigment. In the absence of added bicarbonate, thalli developed instead 
into plants whose sporangia were thin-walled and papillate, free of pits, 
and completely devoid of the brown pigment. Thus, the causal relation 
between imposition of the bicarbonate »trigger mechanism» and the in vivo 
formation of brown resistant sporangia was an easily-demonstrable, estab- 
lished fact. 

On the other hand it was a much more difficult chore to elucidate, from 
such in vivo investigations, the fundamental role that bicarbonate must have 
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played within the plant to induce and maintain the morphogenetic mechanism. 
Nevertheless, the data then available were generally consistent with, and led 
to, the hypothesis that bicarbonate exerted its effect on morphogenesis by 
interfering with the decarboxylation of ketoglutarate in the tricarboxylic acid 
cycle. Intrinsic to the hypothesis was the assumption that (1), ketoglutarate 
and its precursors in the cycle gradually piled up to some extent within the 
organism, and (2), that one or more of these intermediates must have been 
involved, directly or indirectly, in the initiation and maintenance of thereto- 
fore non-existent shunt mechanisms which led to the formation of the basic 
ingredients of a resistant sporangium such as the melanin pigments (Can- 
tino, 3, 4). 

Subsequently, the hypothesis was significantly strengthened by more 
definitive, direct, evidence derived from in vitro investigations using cell-free 
preparations of several different strains of Blastocladiella (Brown and Can- 
tino, 1; Cantino, 5, 6, 7; Cantino and Hyatt, 8, 9). 

Up to that time, however, no direct evidence was available for elucidating 
the mechanism by which ketoglutarate (or its precursors), which accumulated 
in Blastocladiella, somehow initiated and maintained the metabolic shunts 
which led to the synthesis of the chemical constituents found in a resistant 
sporangium. Believing that it would be the biosynthetic reactions leading to 
melanin synthesis which could be most amenably investigated in cell-free 
systems, it was decided (1), to look for a polyphenol oxidase in homogenates 
of B. emersonii and (2), provided such a system were found, to determine if 
(and if so, how) its activity was, in fact, coupled to and dependent upon the 
presence of ketoglutarate. The bulk of the results obtained so far, which 
constitutes the framework of this report, supplies some of the direct evidence 
needed to substantiate our thesis that the ketoglutarate which piles up as a 
result of the bicarbonate »trigger mechanism» does, indeed, play a vital role 
in the initiation and maintenance of melanin biosynthesis. 

In the absence of added bicarbonate in the immediate environment, young 
thalli of Blastocladiella mature along the alternate developmental pathway 
which leads to the formation of colorless, thin-walled plants. A polyphenol 
oxidase system, capable of oxidizing test substrates such as tyrosine, di- 
hydroxy-phenylalanine, and catechol, could not be detected in such thin- 
walled plants. On the other hand, previous investigations had already 
demonstrated that thin-walled plants do possess a vigorous cytochrome 
oxidase and a battery of enzymes capable of oxidizing almost all of the 
intermediates of the tricarboxylic acid cycle (Brown and Cantino, 1; Can- 
tino, 5; Cantino and Hyait, 8, 9). 

But, following imposition of the bicarbonate »trigger-mechanism», thalli 
of Blastocladiella mature via the developmental pathway which leads to the 
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formation of brown resistant sporangia. In these resistant sporangial plants, 
the »polyphenol oxidase» system defined above was always present and 
easily detected. Moreover, although the isocitric dehydrogenase activity found 
in thin-walled plants was similarly demonstrable in resistant sporangial 
plants, other enzyme systems, notably ketoglutarate oxidase, succinoxidase, 
and cytochrome oxidase had either disappeared or become inoperative. 

Although tyrosinase does not appear to function as a terminal oxidase in 
some of the fungi that have been investigated from this point of view (cf. 
for example, Sussman and Markert, 27, on Glomerella), it has been suggested 
by others (for example, Bonner and Wildman, Streerangachar, etc.} reviewed 
in Dawson and Tarpley, 13) that it may do so in higher plants. The evidence 
now available tempts us to suggest, too, that during morphogenesis in 
B. emersonii, a newly-synthesized »polyphenol oxidase» assumes the role of 
terminal oxidase as the pre-existing cytochrome oxidase gradually disappears. 

It seemed, then, that the presence of increased concentrations of bicar- 
bonate within the plant not only interfered with the decarboxylation of keto- 
glutarate but actually brought the tricarboxylic acid cycle to a standstill. 
The enzyme systems normally required for the further degradation of keto- 
glutarate, such as ketoglutarate oxidase, succinic dehydrogenase, and the 
terminal cytochrome oxidase, apparently would thus have been rendered 
quite dispensible; the experimental data revealed that they did, indeed, dis- 
appear. On the other hand, at least one of the enzymes required for reversal 
of the cycle via reductive carboxylation of ketoglutarate, namely isocitrate 
dehydrogenase, was retained and was clearly functional. Apparently, the 
reversal of metabolism extended backward to a C, plus C, stage, because both 
lactate and acetate were detected as products of the reductive carboxylation 
of ketoglutarate. 

Of utmost significance, however, was the observation that the two systems 
— »polyphenol oxidase» and isocitrate dehydrogenase — were interrelated 
and coupled to one another. The »polyphenol oxidase» system was clearly 
dependent upon the presence of ketoglutarate for optimum activity; keto- 
glutarate, in turn, appeared to function as a required co-factor by virtue of 
its concomitant reduction via a TPN-specific isocitrate dehydrogenase. 

These results, therefore, provide further corroboration for our hypothesis 
regarding the biochemical basis for morphogenesis in B. emersonii: speci- 
fically, they supply direct evidence that oxidation of polyphenols (and there- 
fore, probably melanin synthesis) is coupled to the accumulation of keto- 
glutarate which results from the imposition of the bicarbonate » trigger 
mechanism». We wish to stress that in our view, because of the intent and 
purpose of our investigations, the primary significance of these observations 
lies in the fact that they lend themselves to a further elucidation and integra- 
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tion of the growth physiology and general biology of Blastocladiella emer- 
sonii. However, the mechanism of the oxidation of catechol, and the nature 
of the coupling between this oxidation and the reduction of ketoglutarate, 
are of interest in their own right. The following section is therefore devoted 
to an interpretation of the mechanism of the enzymatic oxidation of catechol 
by cell-free preparations of B. emersonii. 

In most instances where polyphenol oxidase activity has been investigated 
in fungus homogenates (e.g. Sussman and Markert, 27, on Glomerella, Horo- 
witz and Shen, 15, on Neurospora, and others), the enzyme has been charac- 
terized as »soluble» in that it readily appeared in supernatants and did not 
sediment easily under rather high centrifugal fields (e.g. up to ca 18,000 XG). 
For that matter, the polyphenol oxidase activity of tissue slices and homo- 
genates of higher plants has generally been similarly characterized, although 
exceptions have been reported wherein part of the activity was rather tightly 
bound to various kinds of particulates (cf. survey by Weir and Stocking, 29, 
and more recent papers such as McClendon’s, 20). Most of the »polyphenol 
oxidase» activity of homogenates of Blastocladiella was firmly bound to the 
chitinous, melanin-impregnated, wall of the resistant sporangia; this frac- 
tion was not easily »solubilized». Part of the »polyphenol oxidase» system, 
however, was immediately »solubilized» following homogenization, in the 
sense that it could not be sedimented out in centrifugal fields as high as 
20,000 X G. In order to simplify the following discussion, the complete system 
(soluble and insoluble components) will be referred to as the catechol- 
oxidizing system. 

The catechol-oxidizing system in whole homogenates readily oxidized 
catechol when measured via oxygen consumption; virtually all of this activity 
was lost following dialysis against phosphate buffer. Presumably, the keto- 
glutarate present in resistant sporangia was thus removed from these homo- 
genates. The oxidase activity of dialyzed preparations (using tyrosine and 
dihydroxyphenylalanine, as well as catechol, as substrates) was regained 
immediately whenever ketoglutarate was also incorporated in the reaction 
mixture. This effect appeared to be specific in that equi-molar quantities of 
other acids (e.g. citrate, pyruvate, etc.) had no detectable effect upon the 
activity of dialyzed homogenates. What, then, was the role that ketoglutarate 
played in the enzymatic oxidation of catechol? 

Knox and LeMay-Knox (18) demonstrated that soluble, dialyzed pre- 
parations from liver mediated the oxidation of tyrosine to acetoacetate only 
if ketoglutarate were incorporated in their reaction mixtures. Ketoglutarate 
functioned as an essential co-factor in the reaction by virtue of an initial 
transamination between itself and tyrosine, thus yielding p-hydroxyphenyl- 
pyruvate and glutamate. Furthermore, it was established (1), that the keto- 
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glutarate requirement could be replaced with pyruvate, provided that trace 
quantities of ketoglutarate were also present, and (2), that an additional 
co-factor, pyridoxal phosphate, was indispensible for the transamination 
between ketoglutarate and tyrosine. Rat kidney preparations appear to have 
the same general requirement for ketoglutarate (Crandall, 12). 

Dialyzed homogenates of Blastocladiella displayed a requirement for keto- 
glutarate in the oxidation of tyrosine, dihydroxyphenylalanine, and catechol. 
Whether or not a transamination occurred during the oxidation of tyrosine 
in the presence of ketoglutarate was not ascertained. But, almost all of the 
investigation described herein dealt with the oxidation of catechol, and a 
direct transamination between ketoglutarate and catechol was obviously 
impossible. Besides, with catechol as substrate, (1), the need for ketoglutarate 
could not be replaced by pyruvate, and (2), the addition of pyridoxal phos- 
phate to our reaction mixtures had no detectable effect upon the course of 
the reaction (as measured via oxygen consumption). It was necessary, there- 
fore, to discover an alternate explanation for the effect of ketoglutarate upon 
the oxidation of catechol. 

Because of our preconceived notions regarding the biochemical basis for 
morphogenesis in Blastocladiella, particularly the presumed role of bicar- 
bonate in decelerating and perhaps even reversing the oxidative decarboxyla- 
tion of ketoglutarate in the Krebs cycle, we chose the working hypothesis 
that oxidation of catechol could be partially coupled with the reductive 
carboxylation of ketoglutarate to isocitrate via isocitric dehydrogenase. We 
supposed that this type of coupling might have initiated, accelerated, and/or 
helped maintain the oxidation of catechol in our cell-free preparations. 
Inherent in such a notion, however, was the realization that it would be an 
essential prerequisite to demonstrate that in homogenates of resistant- 
sporangial plants: (1), the enzyme systems capable of oxidizing ketoglutarate 
via a terminal oxidase (for example, ketoglutarate oxidase, succinoxidase, 
cytochrome oxidase), which were easily demonstrable in homogenates of 
thin-walled plants, were either absent, weakly-functional, or impotent; and 
(2), the enzyme systems needed for reductive carboxylation of ketoglutarate 
remained intact and functional. 

Spectrophotometric assays then revealed that, indeed, neither ketoglutarate, 
succinate, nor reduced cytochrome C were oxidized by dialyzed and undialyzed 
cell-free extracts of resistent sporangia. These result were quite consistent 
with our observations that during manometric measurements of the oxidation 
of catechol, oxygen uptake was not affected by: (1), arsenite, at concentra- 
tions which inhibited growth (Cantino, 3) and germination (Cantino, 5) of 
Blastocladiella, in vivo, and oxidation of ketoglutarate in homogenates of 
thin-walled plants in vitro (Cantino and Hyatt, 8), and (2), malonate and 
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cyanide, at concentrations which inhibited oxidation of succinate and cyto- 
chrome C (reduced), respectively, in homogenates of thin-walled plants 
(Cantino and Hyatt, 8). On the other hand, TPN-specific isocitric dehydro- 
genase activity was easily detected in these same homogenates by measuring 
the concomitant reduction of TPN at 340 mu, or the reduction of cytochrome 
C, via carrier quantities of TPN, at 550 mu. 

Our views were further strengthened by the results of direct chemical 
analyses of reaction mixtures during the enzymatic oxidation of catechol 
in the presence of bicarbonate and ketoglutarate, wherein it was shown that 
some of the ketoglutarate had been converted to a mixture of lactic, acetic, 
and traces of isocitric acids; no other acidic metabolites were detected. Thus, 
in the absence of demonstrable ketoglutarate oxidase, succinoxidase, and 
cytochrome oxidase activity, ketoglutarate must have been reduced via iso- 
citrate (presumably through a C, plus C, stage) to lactate and acetate. Up to 
this point, all of the available evidence was consistent with our formulations 
regarding the stimulatory role of ketoglutarate in the enzymatic oxidation 
of catechol. 

Next, attempts were made to identify the electron donor (or donors) 
responsible for the reduction of ketoglutarate — that is, to isolate the locus 
for ketoglutarate reduction in the chain of reactions leading from catechol 
to its colored oxidation products. It was assumed a priori, that catechol was 
oxidized via the scheme proposed by Dawson and Tarpley (13); this involves 
oxidation of catechol to o-quinone, hydration of o-quinone to trihydroxy 
benzene, a coupled oxidation-reduction between tri-hydroxy benzene and a 
second molecule of o-quinone yielding hydroxy-o-quinone and regenerating 
anew molecule of catechol, and finally, conversion of the hydroxy-o-quinone 
to other products. This scheme (cf. Fig. 19) was used as a basic framework 
and a point of departure for further experiments. 

At the start, it was necessary to assume that electrons were first trans- 
ferred, directly or indirectly, to TPN because the isocitric dehydrogenase 
was TPN-specific. Reduction of TPN, therefore, would have to have been 
driven by oxidation of catechol to o-quinone (reaction 1), oxidation of tri- 
hydroxy benzene to hydroxy-o-quinone (Reaction 3), and/or further oxida- 
tion of hydroxy-o-quinone to unknown products Reaction 4). 

It would have been illogical to expect electron transfer to TPN, and thence 
to ketoglutarate, solely via reaction 1. That is, assuming that electron transfer 
to oxygen also occurred only at the expense of reaction 1, the addition of 
ketoglutarate to the reaction mixtures would have resulted in competition 
for electrons and therefore a decrease, rather than an increase, in oxygen 
consumption during the oxidation of catechol. But, it was not illogical to 
expect that electron transfer to ketoglutarate via TPN might just as easily 
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have occurred at the expense of reaction 3 (whereby the TPN-ketoglutarate 
system would compete with o-quinone for electrons), or reaction 4, or both. 
If the rate of reaction 1 were limited by the rate of reactions 2, or 3 or both, 
the presence of ketoglutarate might either accelerate oxygen consumption 
via reaction 1 or at least prevent its rate from tapering off. Attempts were 
then made to obtain experimental evidence which would either confirm or 
refute the hypothesis. 

Spectrophotometric assays at 340 my revealed that the over-all enzymatic 
oxidation of catechol was, indeed, coupled to the reduction of TPN. DPN, on 
the other hand, was completely ineffective as an electron acceptor. These 
results were consistent with our speculations, and they further strenthened 
our ideas regarding the role of isocitric dehydrogenase in the catechol- 
oxidizing system; but, they still did not permit us to determine which step 
or steps in the reaction sequence between catechol and its final oxidation 
products were responsible for the reduction of TPN. 

These experiments were interrupted by the puzzling observation that the 
rates and total quantities of TPN reduced at the expense of the oxidation of 
catechol were also increased significantly by the presence of ketoglutarate, 
and enormously by the presence of both ketoglutarate and bicarbonate, in 
the reaction mixtures. If TPN were being reduced via electron transfer from 
a single step in the catechol-hydroxy-o-quinone reaction chain, it was logical 
to except that the addition of ketoglutarate would have decreased rather than 
increased the overall rate of reduction of TPN because of the re-utilization 
of part of the reduced TPN for the reductive carboxylation of ketoglutarate 
via isocitrate dehydrogenase. 

But, a rational explanation would have been forthcoming if it could be 
shown that TPN became reduced via electron transfer from two successive 
oxidations, such as the oxidation of catechol to o-quinone (reaction 1), and 
the oxidation of tri-hydroxy benzene to hydroxy-o-quinone (reaction 3); 
furthermore, the explanation would have been strengthened significantly if 
it were shown that the locus for reaction 1 was spacially separated from that 
for reaction 3 (perhaps on particles of different dimensions, etc.). Under 
these conditions, acceleration of reaction 3 induced by the coupled reduction 
of ketoglutarate via carrier quantities of TPN might increase the rate of 
reduction of TPN via reaction 1. This scheme would also have been com- 
patible with our observations of the stimulatory effect of ketoglutarate upon 
oxygen consumption. 

It was then revealed that it was, indeed, quite possible to separate the 
enzyme complex into several fractions, each with the same basal level of 


catechol-oxidizing activity, but some of which were stimulated by keto- 
glutarate while others were not. 
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New experiments were therefore undertaken, making use of the fact 
(Tarpley, 28) that the absorption spectrum of o-quinone exhibits a well- 
defined peak at 390 mu and then a rapid drop to practically zero absorption 
by 440 mu, whereas hydroxy-o-quinone absorbs only slightly at 390 mu but 
does absorb strongly, and exhibits a peak at, 480 to 485 mu. 

Short-time (20 minute) spectrophotometric assays revealed that: (1), during 
enzymatic oxidation of catechol in the presence of TPN, there invariably 
occurred in the first few minutes a small but reproducible rise in absorption 
at 390 mu (ca 0.05 units of optical density), after which it leveled off and 
attained a constant value; intermittent readings at 340 mu revealed that 
TPN was simultaneously reduced at a more or less constant rate (such as 
that delineated in Fig. 8), both before and after the increase in absorption 
at 390 mu had ceased; (2), during enzymatic oxidation of catechol in the 
absence of TPN, reaction mixtures exhibited no change in optical density 
at either 340 or 390 mu; (3), during enzymatic oxidation of catechol in the 
presence of both TPN and ketoglutarate, the usual increase in rate of reduc- 
tion of TPN (cf. Fig. 8) was again observed at 340 mu, but under these 
conditions the initial rise in absorption at 390 mu (obtained in the absence 
of ketoglutarate) could no longer be detected. These results were consistent 
with our suggestions that reaction 2, or 3, or both was slower than reaction 
1 and thus permitted, initially, a small but significant accumulation of 
o-quinone, whereas in the presence of ketoglutarate, reaction 3 was main- 
tained at a more rapid rate and no o-quinone accumulated. 

When enzymatic oxidation of catechol was allowed to proceed for longer 
periods of time, absorption spectra of the reddish reaction mixtures were 
always characterized by a well-defined peak at 480 mu, thus offering pre- 
sumptive evidence that hydroxy-o-quinone did, indeed, accumulate during 
the oxidation of catechol. On the other hand, the complete absence of any 
peak at 390 mu corroborated our belief (and that of others; e.g., Dawson and 
Tarpley, 13) that no appreciable quantity of o-quinone accumulated beyond 
that referred to above. 

When similar reaction mixtures were incubated in the absence of oxygen, 
no oxidation of catechol occurred judging from the complete absence of 
colored oxidation products. But, when TPN was incorporated in these 
anaerobic reaction mixtures, catechol was oxidized and TPN became reduced; 
in the presence of oxygen, the quantity of TPN reduced was approximately 
half of that obtained anaerobically. Thus, the conclusion was inescapable 
that oxygen, an electron acceptor for reaction i, could be effectively replaced 
by TPN. When both oxygen and TPN were present simultaneously, either 
(1), electrons from reaction 1 were transferred preferentially to oxygen 
while TPN remained free to accept electrons from reaction 3, or (2), oxygen 


216 EDWARD C. CANTINO AND EVELYN A. HORENSTEIN 


and TPN competed with one another for electrons from reaction 1, both 
of them receiving a certain share of them. Whichever the correct inter- 
pretation, however, it was clear that reduction of TPN was coupled to reac- 
tion 1, the oxidation of catechol to o-quinone. 

When TPN was added to reaction mixtures in which colored products 
had been formed enzymatically from catechol, no decrease in optical density 
was detected at 480 mu. Instead, a small but reproducible increase in optical 
density occurred at 480 mu, the rate and magnitude of which was increased 
further if ketoglutarate was also added simultaneously. Thus, no evidence 
was obtained which would indicate that reduction of TPN could be coupled 
to reaction 4, the oxidation of hydroxy-o-quinone to other products. 

In the aggregate, the foregoing results provided significant direct evidence 
for our suggestions: (1), that reduction of TPN was coupled to reaction 1, 
the oxidation of catechol to o-quinone; (2), that reduction of TPN was also 
coupled to reaction 3, the oxidation of tri-hydroxy benzene to hydroxy- 
o-quinone; (3), that if ketoglutarate was present to accept reduced TPN 
derived from reaction 3, the latter reaction was driven with increased speed 
and thus induced a more rapid accumulation of hydroxy-o-quinone; and 
(4), that reduction of TPN probably could not be coupled with the further 
oxidation of hydroxy-o-quinone if, indeed, the latter reaction did occur 
under these conditions. 

It was expected that our enzymatically-generated hydroxy-o-quinone could 
reduce cytochrome C non-enzymatically, and that if this were so, the reac- 
tion might offer an alternative, convenient method for further characteriza- 
tion of certain of the steps in the enzymatic oxidation of catechol. First, it 
was established that cytochrome C and catechol did not react with each 
other non-enzymatically, but that in the presence of enzyme, reduction of 
cytochrome C did occur while catechol became oxidized simultaneously. 
Presumably, then, cytochrome C was accepting electrons generated via 
reactions 3 or 4, or both. When catechol and enzyme were incubated long 
enough to generate colored oxidation products, and when cytochrome was 
then incorporated into this reaction mixture, (1), cytochrome was reduced 
at a much greater rate than before, while (2), the optical density rapidly 
decreased simultaneously at 480 mu, thus tending to eliminate the 480 mu 
peak found in absorption spectra of such reaction mixtures. Thus, it seemed 
clear that hydroxy-o-quinone was oxidized (reaction 4) at the expense of a 
non-enzymatic reduction of cytochrome C. 

The reaction between cytochrome C and hydroxy-o-quinone provided an 
alternative approach with which to test our conclusions regarding the role 
of ketoglutarate in reaction 3 of the enzymatic oxidation of catechol. When 
both cytochrome C and ketoglutarate were added simultaneously to pre- 
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viously-incubated, colored, reaction mixtures like those described above, the 
rate of reduction of cytochrome C was much greater than that obtained in 
the absence of ketoglutarate (cf. Figures 12, 13) but the rate of disappearance 
of the hydroxy-o-quinone (decrease in optical density at 480 mu) was 
greatly decreased. If cytochrome C had been competing with ketoglutarate 
for electrons from reaction 3, addition of ketoglutarate should have decreased 
the rate of reduction of cytochrome C. But if cytochrome C were accepting 
electrons only from hydroxy-o-quinone, and if the presence of ketoglutarate 
accelerated reaction 3, the rate of reduction of cytochrome C should have 
been increased; this is precisely what happened. The decreased rate of 
removal of hydroxy-o-quinone in the presence of ketoglutarate suggests that 
the quinone was produced more rapidly than it could be removed by the 
cytochrome. Once again, these observations offer further evidence for our 
notions concerning the mechanism of the oxidation of catechol and the role 
of ketoglutarate therein. 

The oxidation of o-quinone, like the analogous oxidation of »dopa- 
quinone», has usually been considered to be a non-enzymatic reaction (cf. 
Dawson and Tarpley, 13; Raper and Wormall, 23; Sussman, 26; etc.). But 
sufficient presumptive and direct evidence had now accumulated to indicate 
that, although a simultaneous, non-enzymatic reaction could not be ruled 
out, the oxidation of o-quinone (as its hydration product, tri-hydroxy 
benzene) to hydroxy-o-quinone was also mediated enzymatically by cell-free 
preparations of Blastocladiella emersonii. 

Having elucidated some of the details of the enzymatic oxidation of 
catechol by cell-free preparations of Blastocladiella, what can be said regard- 
ing the nature of the enzymes which mediated these reactions? It is generally 
agreed (cf. for example, review by Dawson and Tarpley, 13) that the copper 
enzymes (1), catalyze the direct oxidation of a substrate by oxygen; (2), do 
not function anaerobically in the sense that the acceptor, oxygen, can not be 
replaced by other acceptors such as methylene blue and similar dyes; and 
(3), are generally cyanide sensitive. 

By way of comparison, our catechol-oxidizing complex (1), does appear 
to effect the (direct) oxidation of catechol by oxygen; but (2), it also effects 
the oxidation of catechol in the absence of oxygen provided an alternate 
electron acceptor such as triphosphopyridine nucleotide is available, and 
(3), the oxidation of catechol via reduction of either oxygen or TPN is not 
inhibited by cyanide. On these bases, our enzyme system does not appear 
to have much in common with the copper enzymes as a group. 

More specifically, however, the enzyme tyrosinase (polyphenol oxidase) 
generally oxidizes tyrosine as well as a variety of other mono- and di-hydric 
phenols, and it is usually effectively inhibited by phenylthiourea, certain 


nitrophenols, and other types of copper reagents. Laccase, on the other hand, 
does not oxidize the monohydric phenols, but, in addition to catechol, it 
also oxidizes the dihydrie hydroquinone. Our catechol-oxidizing system 
oxidizes catechol but not hydroquinone; it is only weakly-capable of oxidizing 
the monohydric p-cresol. Although it is not inhibited by 2,4 dinitrophenol, 
10-2 M phenylthiourea does completely suppress electron transfer to either 
oxygen or TPN. 

With these facts in mind, as well as our notions regarding the mechanism 
of catechol oxidation by cell-free preparations of Blastocladiella, it is some- 
what difficult to assign any one name to our catechol-oxidizing enzyme 
complex. But, in this connection, it is important to refer to the recent studies 
of Wosilait and Nason (30, 31) of a pyridine nucleotide reductase. Their 
report concerns a new enzyme system with the following properties: (1), the 
enzyme mediates a reversible reaction between p-quinone and either reduced 
TPN or DPN to yield the oxidized nucleotide and hydroquinone; (2), the 
reaction which it mediates also occurs non-enzymatically, but at a much 
reduced rate; (3), the reaction is not inhibited by cyanide; (4), the enzyme 
is rather labile at 4° C., losing over 50 per cent of its activity in about a 
week; and (5), the enzyme can be coupled with purified tyrosinase to 
mediate a reaction between reduced DPN and o-quinone to yield oxidized 
DPN. 

Our catechol-oxidizing complex is also cyanide insensitive; however, it 
differs from the enzyme of Wosilait and Nason in all other essential respects: 
(1), it is inactive in a p-quinone-hydroquinone system; it is active only with 
an o-quinone-catechol system; (2), in the catechol-o-quinone system, it 
apparently mediates the further oxidation of o-quinone, rather than its 
reduction, back to catechol; (3), it is very stable at 4° C.; no loss of activity 
can be demonstrated in preparations maintained at this temperature for 
4—5 months; (4), the reactions which it mediates do not occur non- 
enzymalically; and (5), that portion of the overall reaction which is coupled 
to the reduction of pyridine nucleotide is quite specific; DPN will not sub- 
stitute for TPN. 

With due consideration of all the evidence available, we therefore suggest 
that the functional entity in our supernatants, referred to so far as the 
catechol-oxidizing system, does indeed consist of several active centers; one 
of these is concerned with the oxidation of catechol, and another is con- 
cerned with the oxidation of o-quinone (probably as its hydrated product, 
tri-hydroxy benzene). We propose to refer to the latter as a TPN-specific 
»quinone oxidase». Wosilait and Nason (30, 31) described an enzyme capable 
of effecting electron transfer between a quinone and a pyridine nucleotide. 
Our »quinone oxidase» appears to be a somewhat similar type of enzyme, 
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but with the important exception that it mediates electron transfer via an 
oxidation rather than a reduction of quinone. 

The results presented in our report have provided indisputable evidence 
that alpha-ketoglutarate functions as a co-factor f6f the oxidation of catechol, 
tyrosine, and dihydroxyphenylalanine by cell-free preparations of resistant 
sporangial plants of Blastocladiella emersonii. The deep brown pigment in 
the sporangia appears to be a melanin. If it is assumed that the enzyme 
systems which mediate the oxidation of catechol (and tyrosine and dopa) are 
indeed the ones that mediate the oxidations leading to melanin synthesis 
in vivo, then the results have provided additional, strong evidence for our 
concepts regarding the biochemical basis for morphogenesis in Blastocladiella. 


Summary 


Additional evidence has been provided which supports our overall concepts 
regarding the biochemical basis for morphogenesis in the aquatic Phyco- 
mycete, Blastocladiella emersoni, and which, more particularly, partially 
elucidates the mechanism by which ketoglutarate plays a key role in the 
biosynthesis of melanin during morphogenesis. 

Specifically, it has been demonstrated that: 

(1), cell-free preparations of resistant sporangial plants of B. emersonii 
oxidize catechol, tyrosine, and dihydroxyphenylalanine; 

(2), the enzymatic oxidation of catechol, which is inhibited by phenyl- 
thiourea but not by cyanide, can be coupled to the reduction of either oxygen 
or triphosphopyridine nucleotide, but not diphosphopyridine nucleotide: 

(3), alpha-ketoglutarate is required as a co-factor for the enzymatic oxida- 
tion of catechol, apparently by virtue of a coupled reaction between (a), re- 
duction of ketoglutarate to isocitrate, via a TPN-specific isocitric dehydro- 
genase, and (b), oxidation of o-quinone (or trihydroxy benzene) to hydroxy- 
o-quinone, via a TPN-specific »quinone oxidase». 
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Introduction 


Various investigators showed that the degree of response to photoperiodic 
induction depends on the age of the plant specimen used; e.g. Borthwick 
and Parker (1938) using Biloxi soy bean, Wéycicki (1939) using Chrysanthe- 
mum, and Harder and von Witsch (1940/41 a and 1942) using Kalanchoé 
Blossfeldiana. In their earlier paper, Harder and von Witsch found that: 
the 3 months old plants flowered after exposure to short-days of 6 or 9 hours 
light per day; the 5 months old plants flowered under short-days of 6, 9 
and 12 hours light per day, while the 7 months old plants flowered even 
under long-day conditions with more than 12 hours light per day. The authors 
concluded from these results that K. Blossfeldiana was a typical short-day 
plant when young, but it became day-neutral and flowered under all day 
lengths when it got old. In their later paper (1942), Harder and von Witsch 
used plants which just showed above the surface of the soil as well as plants 
1, 2, 3, 4, 8, 12, 17, and 24 weeks old. They found that the plants which 
were 8 weeks old or younger did not flower after photoperiodic treatment 
whether given short or long-days; the 12 and 24 weeks old plants flowered 
after being exposed to 7 short-day cycles of 9 hours light per day; while 
the 17 weeks old plants flowered after exposure to 4 or 7 short-day cycles 
of 9 hours light per day. None of the plants flowered under long-day con- 
ditions, i.e. when the light period exceeded 12 hours per day. The authors 
added that their earlier conclusion that old K. Blossfeldiana plants were 
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day-neutral was erroneously conceived through an overlooked exposure of 
the plants to cycles of 12 hours light per day at an early stage of their devel: 
opment. At that time the authors used to consider a cycle of 12 hours light 
per day as long-day. Nevertheless, Harder and von Witsch showed clearly 
that the response of K. Blossfeldiana to photoperiodism depends on the age 


of the plant. 
There is already a fairly large number of publications by Harder’s school 


on the subject of photoperiodism of K. Blossfeldiana; but in every case, the 
plants used were about 6 months old. The present investigation was, ac- 
cordingly, planed to study the response to short-day treatment of plants 
more than 6 months old. 


Material and Methods 


The plants used in this study were raised from two different sowings, one made 
on 25.1.1950 and the other on 25.6.1950. At the time when the experiments were 
started (3.5.1951) the plants were, accordingly, 66 and 45 weeks old respectively; 
the former group shall be called the old plants and the latter the young plants 
hereafter. All the plants were kept unbranched by removing the axillary buds as 
soon as they began to sprout. This procedure made the spotting of flowering 
rather easy since it became confined to the apical bud. 

Since it has been established by Harder and his coworkers (Harder 1948) that 
the optimum photoperiodic induction was conceived by K. Blossfeldiana when 
the plants were exposed to short-day treatment of cycles with 8—9 hours light 
per day, the cycles used in the present investigation were 9 hours light and 15 hours 
dark. Before the short-day treatment, all the plants were kept under long-day 
conditions to prevent them from flowering. This was secured by supplimentary 
electric light switched on at sunset to make the light period not shorter than 
16 hours per day; or by interrupting the long dark night by an hour of electric 
light switched on after midnight according to Harder and Bode (1943). Electric 
light was supplied by 500 watt incandescent lamps held at a distance of appr. 
1 meter from the plant apices, For the short-day treatment the plants were kept 
under a light-tight tent from 6 p.m. to 9 a.m.; and for the rest of the day they 
were exposed to natural day light. After the short-day treatment the plants were 
exposed to natural light conditions prevailing at that time; and as it was then 
summer, the light period was not less than 14—15 hours per day. The study was 
carried out in a shaded greenhouse warmed up during the cool nights by hot--air 
radiators. This maintained the temperature at about 20° C; but since there was 
no thermoregulating installation in the greenhouse, the temperature fluctuated 
between 15 and 25° C on a few occasions. 

The young plants were 15—20 cm high and carried about 15 pairs of leaves 
each on 3.5.1951. The uppermost 9 pairs of leaves were left on every plant while 
all other leaves were cut off, The plants were then divided into 9 similar groups 
of 10 plants. Every group was given a certain number of short-day. cycles, 
namely 0, 4, 5, 6, 7, 10, 15, 20 or 30 short-days. ‘Ge 
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The old plants on the other hand were 30—40 cm high and carried about 25 pairs 
of leaves each on 3.5.1951. They were divided into two batches as follows: 

1) Old plants with young leaves: in which case the uppermost 9 pair of leaves 
only were left on every plant while all other leaves were removed. The plants 
were divided into 9 similar groups of 10 plants each and every group received a 
certain number of short-day cycles, namely 0, 4, 5, 6, 7, 10, 15, 20 or 30 as in the 
case of the young plants. 

2) Old plants with young and old leaves: in which case all the leaves, except 
the yellow or damaged lowermost ones, were left on the plant. They were then 
divided into 6 groups of 10 plants each, and every group received a certain 
number of short-day cycles, namely 0, 5, 7, 10, 15 or 30 short-days. 


Observations and Results 


The following features were proved by Harder and his coworkers (Harder 
1948) to provide quantitative indications of the response of K. Blossfeldiana 
to short-day treatment: 


1. Lapse of time between the beginning of short-day treatment and the 
appearance of the first flower primordia; then the opening of the first 
flower bud. 

2. The total number of flowers borne on the mature inflorescence. 

3. The degree of phyllody (leafy character) of bracts, and the reduction in 
the structure of the individual flowers. 

4. Size of leaves and their degree of succulence. 

5. Length of petioles and internodes. 


The first of these features is in fact the more important, and sets in long 
before the other features. In view of the rather short time allowed for the 
experiments described here, it was not possible to record all the features 
thoroughly. More emphasis was, therefore, put on the first of these features 
which was recorded in every case. The setting of flowering was acknowledged 
when three minute primordia, visible to the naked eye, appeared in place 
of the normal vegetative apical bud. The lapse of time between the beginning 
of short-day induction and the setting of flowering is given in figure 1. 

The results of these experiments lead to the following conclusions: 


1. Neither the 45 nor the 66 weeks old K. Blossfeldiana plants flowered 
under long-day conditions, nor did they flower after receiving 4 short-day 
cycles. 

2. The 45 weeks old plants flowered after receiving 5 short-day cycles or 
more, and the response increased — i.e. the lapse of time between beginning 
of induction and appearance of flower primordia decreased — when the 
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Group 1, young plants 
: ---- 2, old plants with young leaves 
35 : : DE JTE - young and 


old leaves 


Figure 1. Effect of plant 
age on the respose of K. 
Blossfeldiana to short-day 
treatment. 


Lapse of days between induction and 
appearafice of flower primordia 


10 20 30 days 


Number of short-day cycles 


number of short-day cycles was increased. The increase in response was 
regular and proportionate with the dose of short-days up to 10 cycles. 
With doses more than 10 short-day cycles there was no appreaciable 
increase in the photoperiodic response. 

3. The 66 weeks old plants, whether carrying young leaves only or young 
and old leaves together, showed an increase in response to short-day 
treatment as a result of the increase in the dose of short-day cycles. 
However, the increasing response exhibited by both groups was very 
irregular and, in fact, showed marked set backs when the short-day dose 
was less than 15 cycles. With doses larger than 15 short-day cycles, the 
66 weeks old plants flowered as readily as the young plants. 


Although the inflorescences were not completely formed at the time when 
the study was discontinued, there was a very marked phyllody of the bracts 
of the 5-short-day induced inflorescences. This phyllody was less marked 
among the 6- and 7-short-day induced inflorescences, and disappeared 
completely from the 10-short-day induced inflorescences. This change in 
phyllody can be easily recognized from the photographs of figure 2. 


Discussion 


Harder and von Witsch’s studies (1940/41 and 1942) were concerned 
primarily with the effect of plant age on the response to short-day treatment; 
yet the authors did not enter in these two papers any record of the lapse 
of time between the beginning of short-day induction and the appearance 
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Figure 2. Kalanchoë Blossfeldiana inflorescences borne on plants receiving various doses 
of short-day cycles: 

A: 5 short-day cycles showing high degree of phyllody of bracts. 

B: 7 short-day cycles showing little phyllody of bracts. 

C: 10 short-day cycles showing no phyllody of bracts. 


of flower primordia; they were interested in finding out whether the plants 
flowered at all or not. Consequently they recorded the percentage of plants 
flowering, and this was done when the inflorescences were already at a 
relatively advanced stage of development. It is not possible, therefore, to 
make any useful comparison between the photoperiodic reaction of their 
young plants (24 weeks old and younger) and that of the older plants (45 
and 66 weeks) of the present investigation. 

However, reviewing the other papers published by Harder’s school on 
various aspects of photoperiodism of K. Blossfeldiana it was possible to 
collect some data showing the responses of plants at various ages to various 
short-day doses. These data are given in table 1. Care was taken to select 
and enter in this table data obtained from plants grown and maintained 
under conditions similar to the conditions under which the plants of the 
present investigation were handled. 

The table is rather interesting in revealing the responses of K. Blossfeldiana 
plants of various ages to similar as well as to different short-day doses. Plants 
less than 11 weeks old did not flower at all, even after being given a fairly 
large number of short-day cycles. Plants between 12 and 24 weeks of age 
showed a positive response when given 7 short-day cycles; but they did not 
flower when given smaller doses of short-day cycles. At the age of 26 weeks 
it seems that the plants attained the zenith of their physiologic activity as 
far as flowering in response to short-day induction is concerned; for at this 
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Table 1. Flowering responses of K. Blossfeldiana of various ages to short-day treatment 
of 9 hours light per day. 


: Number of Days between 
| Reference Bee N short-day Response | induction and Remarks 
| weeks cycles flowering 
| Harder and 8 18 —v not recorded 
| vy. Witsch, 48 20 /o+v 
| 1940/41 a 
| Harder and 21 until flower-| +v 31 3 or 5 leaves only 
| v. Witsch, ing induced 
1940/41 b 
‘ Harder and 0—8 0 to 42 —V 
v. Witsch, 11 1, 2, 4 or 8} —v | 
19427... 12 1, 2, 4 or 7| —, —, —, +| not recorded 
7 12, 4 Gr FE Cr + | not recorded 
24 1, 2, 4 or 7] —, —, —, + 44 
Harder and 26 until flower- +v | 29 
Gümmer, ing 
1949/50 . .| 
Harder, 1953 26 2 +v | 24.8 18 h light/day as long- 
| 8 +v / 20.7 day following short- 
16 +v | 13.6 day treatment 
| Harder and 31 2 +y | 43 16 h light/day as long- 
Bünsow, 3 ls 37 | day following short- 
1051 | 4 +v | 36 | day treatment 
8 +v | 27 | 
N.B. —, or —v means negative flowering response, and +, or +v means positive flower- 


ing response. 


age a stimulus as little as 2 short-day cycles was sufficient to induce flowering 
within 25 days, and larger doses of short-day induced flowering within shorter 
time still. The 31 weeks old plants were obviously less active in response; they 
required 43 days to flower after a dose of 2 short-day cycles. The 45 and 
66 weeks old plants (present investigation) were still less active than the 
younger ones, for they did not flower at all when given 4 short-day cycles. 
Furthermore, they flowered after appr. 25 days when given more than 
10 short-day cycles whereas the 26 weeks old plants flowered within 25 days 
when given 2 short-day cycles only. 

These observations suggest a relationship between the age of the plant 
and its readiness to flower in response to short-day induction which may be 
represented graphically by a skewed curve, with the 26 weeks old plants 
occupying the turning point of the curve, the younger plants represented 


by the more steep side of the skew, and the older plants represented by the 
less steep side of the skew. 
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Summary 


45 and 66 weeks old plants of Kalanchoë Blossfeldiana did not flower 
under long-day conditions nor when given 4 short-day cycles of 9 hours light 
per day. 

5 to 7 short-day cycles induced flowering in both groups but with marked 
phyllody of the bracts; 10 short-day cycles and more induced flowering with 
normal inflorescences. 

By increasing the dose of short-day cycles there was a regular increase in 
response in terms of earlier flowering of the 45 weeks old plants; this feature 
was irregularly displayed by the 66 weeks old plants. 

Comparing these results with others obtained by Harder’s school it was 
found that the 26 weeks old plants are probably the most active ones in 
response to short-day flower induction, and that younger as well as older 
plants are less active. 


Sincere thanks are due to Prof. R. Harder for suggestion and revision of text, 
and for allowing me to conduct the experiments in his institute at Göttingen (West 
Germany). 
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A. Flowering of the Dutch variety of K. Blossfeldiana 


K. Blossfeldiana, Holländische Rasse, though usually available at the 
»Pflanzenphysiologisches Institut, Göttingen», was never used in a major 
study like the other common variety. It is known to be a short-day plant, 
but the exact length of the light period per day beyond which no flowering 
could be induced was not yet determined. The experiments described below 
were conducted to tackle this point. 


Material and method 


The plants used in these experiments were raised from a sowing made on 9.9.1950 
and then grown singly in small flower pots; they were about 35 weeks old at the 
beginning of the study. At that time each plant carried about 10 pairs of leaves, the 
apical 6 of which were left intact while all the other leaves below them were 
removed. Branching of the main axis was prevented by removing the axillary buds 
as soon as they started to sprout. Selected and matched plants were grouped in 
11 groups of 7 plants each. Before short-day induction, the plants were kept under 
long-day conditions by supplimentary electric light switched on at sunset to maintain 
a light period not shorter than 15 hours per day. After short-day treatment the 
plants were transferred to the natural long-day conditions prevailing at that time 
since it was then summer. 

The photoperiodic treatment was effected by exposing every group of plants to 
a definite light/dark combination within the normal 24-hours cycle. The various light 
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durations to which the different groups of plants were exposed were: 9, 91/2, 10, 
10 */2, 11, 11 4/2, 12, 12 4/2, 13, 13%/e, and 14 hours light per day. Within this wide 
range of illuminations, therefore, some groups of plants received definite short-day 
cycles while others received definite long-day cycles. The dark treatment was 
effected by covering every group of plants separately by a light-tight enclosure made 
from thick black paper streched over a wooden frame approx. 50X50X50 cm. 
All the plants were covered by these light-tight enclosures at 11 p.m. Starting at 
9 a.m. the following day, the first enclosure was lifted up to expose a group of 
plants to natural day light; half an hour later, the second group of plants was 
exposed, and so on every half hour another group was exposed until 2 p.m. Between 
sunset and 11 p.m., electric light was supplied to the plants from two 500 watt 
lamps at a distance of 100—120 cm. from the plant apices. 

Since the main object of the study was to determine the day length beyond which 
no flowering could be induced, it was necessary to eliminate the other important 
factor known to affect flowering, namely, the number of photoperiodic cycles 
applied. This was attained by exposing every group of plants to 20 cycles, since 
according to previous experience with the other variety of K. Blossfeldiana it was 
found that this number of cycles was more than adequate to induce flowering. 

The experiments were conducted in a greenhouse warmed up during the cool 
nights by hot-air radiators. The temperature was maintained at about 20° C, but 
it fluctuated between 15 and 25° C on a few occasions since there was no thermo- 
regulation in the greenhouse. 


Results and comments 


The results of the study are summarized in table 1. 

The figures show that day lenghts of 91/2, 10, 101/2 and 11 hours were 
equally effective in inducing flowering within 28 to 30 days; the slight differ- 
ences between the average lapse of days till flowering under these day lengths 
are statistically nonsignificant. When the plants were given 9 hours light 
per day, they showed a slight delay of flower initiation (31.6 days). The 
delay is statistically significant when the figure is compared with that of 
plants under 9 '/2 or 10 !/2 hours light per day, but it is nonsignificant when 
compared with that of plants given 10 or 11 hours light per day. When the 
light period was increased to 11 1/2 hours per day, there appeared a very 
marked delay of flowering (42.2 days) which is statistically significant when 
compared with the time of flowering under all the other shorter durations 
of light period. When the light period was increased to 12 hours or more, 
there was no flowering at all. 

These results show clearly that the Dutch variety of K. Blossfeldiana is 
definitely a short-day plant at the age of 35 weeks. The critical light duration 
beyond which no flowering could be induced is 11 1/2 hours light per day. 
In this respect, the Dutch variety differs from the common variety since, 
according to Harder (1953) a light period of 12 hours per day could be 
regarder as short-day and induced flowering in the common variety of K. 
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Table 1. Flowering of the Dutch variety of K. Blossfeldiana after photoperiodic induction 
with 20 cycles of various light durations within the 24-hours. 


Lapse of time between induction and 
| Hours of light ee appearance of flower primordia 
aaah ues per day A dene Standard error of 

owering Mean of 7 plants "the sean 
ee ee ee ee I 
| 
| 1 9 - 100 31.6 days 1 days 
2 9 1/2 100 28 » 0.69 » 
3 10 100 29.9 > 0.94 » 
4 10 1/2 100 Dex: 0.65 >» 
5 11 100 30 » 1.24 » 
6 11 1/2 100 42.5 > 1.8373 
7) 12 zero — — 
8 12 1/2 zero — 
9 13 zero = = 
10 13 1/2 zero — — 
11 14 zero — | — 


Blossfeldiana. Harders statement is endorced by the earlier findings by 
Harder and von Witsch (1940/41 and 1942) that the common K. Blossfeldiana 
plants 21 and 18 weeks old respectively flowered under cycles of 12 hours 
light per day. 


B. Flowering of K. Blossfeldiana cuttings under 
short-day conditions 


During the several years of experimentation with K. Blossfeldiana, Harder 
and his coworkers raised their plants from seed. Like most other members 
of the Crassulaceae, the plant can be easily propagated by cuttings. Since 
there has been no attempt to study the behaviour of cuttings towards short- 
day treatment, the present investigation was conducted to enquire into this 
matter. 


Material and method 


The cuttings were obtained from a stock of plants approx. 66 weeks old and 30— 
40 cm. high, grown under long-day conditions. The top half of the plant with only 
the terminal 9 pairs of leaves left on it was used as the cutting. As soon as it was 
severed from the parent, it was planted in a separate flower pot by pushing approx. 
4 cm of the stem down into the soil. The long-day treatments before and after the 
short-day inductions, and the conditions of the greenhouse, where the experiments 
were conducted, were exactly the same as described under part A. All the axillary 
buds were cut off as soon as they started to sprout. 

The cuttings were matched and grouped into 17 identical groups of 8—10 plants 
each. They were treated in the following manner: Group 1 was kept as control 
and received no short-day induction. Groups 2, 3, 4, 5 and 6 received 5 short-day 
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cycles each after 0, 10, 20, 31 and 40 days from planting the cuttings, respectively. 
Groups 7, 8, 9, 10 and 11 received 10 short-day cycles each after 0, 10, 20, 31 and 
40 days from planting the cuttings, respectively. Groups 12, 13, 14, 15 and 16 received 
30 short-day cycles each after 0, 10, 20 31 and 40 days from planting the cuttings. 
respectively. Group 17 received 15 short-day cycles after 50 days from planting the 
cuttings. By short-day it is meant an exposure of the plants to 9 hours of natural 
diffuse light per day; during the remaining 15 hours, the plants were kept under 
a light-tight tent. 


Observations and results 


The plants were examined regularly every day to spot out and record the 
first signs of flowering which were acknowledged by the appearance of 
three little primordia visible to the naked eye in place of the normal vegetative 
apical bud. Although the cuttings were watered regularly every day and the 
atmosphere of the greenhouse was maintained humid throughout the ex- 
periment, the leaves began to show marked loss of turgidity a week after 
cutting and planting. Approximately 10 days after planting, the edges of 
the leaves became red in colour, apparently due to the accumulation of 
anthocyanin. During the third week, the leaves began to regain their turgidity 
and by the fourth week the red colour at the edge of the leaves began to 
disappear. Few plants left aside were pulled out occasionally to examine the 
development of roots, and it was noticed that no roots appeared on the 
burried part of the stem before the fourth week after cutting and planting. 

The responses of the cuttings to the photoperiodic treatments are sum- 
marized in table 2. 

In part I of these studies (p. 223) it was shown that the 66 weeks old 
K. Blossfeldiana responded by 100 per cent flowering to 5, 10 or 15 short-day 
cycles, and that the flower primordia appeared after 32.6, 24.2 and 26.4 days 
respectively. The cuttings used in the present investigation were, as stated 
above, taken from plants 66 weeks old. There is, however, a marked differ- 
ence between the responses of the cuttings and of the intact plants. 

Considering the response to 5 short-day cycles, it is obvious from table 2 
that the stimulus did not induce any flowering until a month has elapsed 
after cutting (group 5); and even then only 40 per cent of the plants flowered, 
and the flowering was markedly delayed (41.5 days compared with 32.6 days 
for intact plants). When 40 days have elapsed after cutting (group 6), the 
plants flowered within the usual time, though only 62.5 per cent of them 
did flower. 

Considering the case of 10 short-day cycles, it is obvious from table 2 
that when the stimulus was applied immediately after planting the cuitings 
(group 7), it induced only 30 per cent of the plants to flower, and even then 
the flower initiation was markedly delayed to 53.7 days compared with 24.2 
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Table 2. Flowering of K. Blossfeldiana cuttings. 


Number of Lapse of time bet. Percentage | Lapse of time between 
Group short-day cyles planting and of plants induction and appearance 
= applied | short-day induction flowering of flower primordia 
| 1 0 == | zero | = 
2 5 0 days | zero — 
3 5 | 10753 zero | — 
| 4 5 200 zero | — 
| DUR 5 | 31 > | 40 41,5 days 
| 6 5 40 » 62.5 32:06 007 
‘NUS 10 0 » 30 | 53.7 >» | 
8 10 Ole pees | zero = 
= 10 20 » 60 | 38.8 » | 
10 10 31 > | 89 | 33.5 » 
Ja 10 | 40 » 87.5 | 25 » 
12 30 | 0 » | 100 32.1 >» 
13 | 30 10 » | 100 07 0 
is 30 20 > 100 26.9 >» 
LE 30 31 > | 100 28.4 >» 
16 «| 30 40 >» | 100 23.3 > 
17 | 15 50 > | 100 20.5 « 


days recorded in the case of the intact plants. Yet when the same stimulus 
of 10 short-day cycles was given 10 days after planting the cuttings (group 8), 
none of the plants flowered at all. When 20 days have elapsed after planting 
the cuttings (group 9), the plants showed a regain of their positive response 
to short-day induction; the response was still better when the stimulus was 
applied after 31 or 40 days following planting the cuttings (groups 10 and 11). 

Considering the response to 30 short-day cycles, the results show that 
the stimulus was quite adequate to induce 100 per cent flowering every time 
it was applied. However, the effectiveness of the stimulus was checked 
back slightly when applied immediately after planting or 10 days later as 
indicated by the slight delay of flower initiation (groups 12 and 13). 

When short-day treatment was applied 50 days after planting the cuttings, 
the response was 100 per cent flowering within 20 days from induction. 
As stated above, the intact plants flowered after 26.4 days when given 15 
short-day cycles. Obviously, the cuttings in this case were more responsive 
to the photoperiodic induction than were the intact plants; however, such 
a conclusion could not be passed before further detailed investigation. 

Figures 1A and 1B show clearly the inter-relations between the number 
of short-day cycles, the lapse of time after planting the cuttings and the setting 
of flowering. 

Figure 1A shows that at any time after planting the cuttings, the more 
the number of short-day cycles given to a group of plants, the more the 
number of plants flowering within this group. An only exception to this 
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Figure 1A and B. Response of K. Bloss- 
feldiana cuttings to short-day treatment. 
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generalization is the case of 10 short-day cycles applied 10 days after 
planting the cuttings. In figure 1B it is obvious that every curve declines 
towards the base line as it proceeds from left to right. This indicates that 
the plants flowered more readily when the stimulus was applied at a later 
time after planting the cuttings. 


Discussion 


Of the factors considered to cause a delay of flower initiation after short- 
day treatment of K. Blossfeldiana, two have been thoroughly investigated: 


1. According to Harder and Lösing (1946) the decrease of the water content 
of the leaves proved to cause a marked delay of flowering after short-day 
induction, 

According to von Denffer (1940/41) nitrogen deficiency caused a similar 
delay of flowering. 


i) 


It is quite probable that the delay of flower initiation in the case of the 
cuttings was due to one or both factors. This assumption is based in the two 
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observations already stated above, namely, that the plants did not develop 
any roots until the fourth week after planting the cuttings, a feature which 
suggests a limited absorption of mineral salts from the soil; and second, the 
loss of turgidity which became more obvious during the second week after 
‘planting the cuttings. 

The failure of the plants to respond to 10 short-day cycles applied 10 days 
after-planting the cuttings is of particular interest (group 8), since the same 
stimulus proved effective when applied immediately after cutting (group 7). 
Judging by the external features of the cuttings it is not irrelevant to con- 
clude that during the second and third weeks following cutting, the plants 
suffered the worse effects that could be expected as a result of the operation. 
A photoperiodic stimulus applied during this period was bound, therefore, 
to induce little or no flowering effect. The behaviour of group 7 suggests 
that when 10 short-day cycles were given to the plants immediately after 
cutting, the stimulus induced a positive flowering effect which was retained 
within the plant during the period of physiologic set back which resulted 
from the operation. 

The behaviour of groups 16 and 17, i.e. cuttings given 30 and 15 short-day 
cycles after 40 and 50 days from planting, respectively, suggests that cuttings 
may even flower more readily (after 23.3 and 20.5 days) than intact plants 
which flowered after 24.2 and 25.6 days when given 30 and 15 short-day 
cycles respectively. However, this conclusion requires further confirmatory 
studies. 

Generally speaking, therefore, it can be said that the cutting operation 
caused a slackening of the physiologic activity of the plant. This slackening 
was evidenced in the delay of flower initiation when a weak (5 short-day 
cycles) or a moderate (10 short-day cycles) photoperiodic stimulus was given 
to the cuttings. The flower initiation was markedly hastened when the new 
roots appeared on the cuttings. 


Summary 


The Dutch variety of Kalanchoé Blossfeldiana flowered under short-day 
conditions only; the critical day length beyond which no flowering could 
be induced is 11 '/2 hours light per day. 

Cuttings of the common variety of K. Blossfeldiana were given 5, 10 or 
30 short-day cycles of 9 hours light per day immediately after planting. 
The same treatment was repeated on other cuttings 10, 20. 31 and 40 days 
after planting. The cuttings showed a marked delay in response to the photo- 
periodic stimuli specially when the stimulus was applied during the second 
or third week following planting, 
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The delay in photoperiodic response may be due to a deficiency of mineral 
salt supply, and probably nitrogen in particular. It may be equally due to 
a decrease in the water content of the plant. 


Sincere thanks are due to Prof. R. Harder for suggestion and for revision of 


text, and for allowing me to carry out the investigation in his institute at Göttingen 
(West Germany). 
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Introduction 


Roots of monocotyledonous plants were used in some of the earliest 
attempts to culture excised roots (Kotte 1922 a, b; Robbins 1922 a, b), but 
hitherto there has appeared no well substantiated report of their successful 
culture for long periods. 


Robbins (1922 a, b) and Robbins and Maneval (1924) clearly showed that the 
growth of excised maize roots was improved by the addition of autolysed yeast or 
peptone to the culture medium and by exposure of the cultures to diffuse daylight. 
However, with each subculture, the growth rate declined and the diameter of the 
roots decreased. Individual roots differed in the rate at which their growth declined 
but ultimately the growth of all roots ceased. Robbins and White (1936, 1937), 
Fiedler (1936), and Almestrand (1949, 1950 a, b, 1951), starting with media capable 
of supporting the continuous growth of excised roots of tomato or pea have studied 
in detail the response of a number of different excised cereal roots to changes in 
the composition of the medium. These workers have altered the nature and con- 
centration of the carbohydrate, inorganic and vitamin constituents of the basic 
medium and have supplemented it by additions of amino-acids, auxins and a wide 
range of complex supplements (yeast extracts, protein hydrolysates, endosperm 
extracts, etc.). Temporary enhancement of the rate of root growth has resulted from 
such alterations in the composition of the culture medium; but growth rate always 
declined and eventually ceased whether the roots were subcultured or transferred 
intact at intervals to new medium. McClary (1940) did claim that, using a medium 
solidified with agar and containing 5 per cent dextrose, he had succeeded in culturing 
maize roots through 8 subcultures. He reported that all roots increased in length 
througho:i > veriod of 115 days at an average rate of approximately 8 mm. per day. 


! Present add: ess: Department of Botany, University College of Swansea, Swansea Wales. 
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Attempts to repeat this work by Bonner (Bonner and Bonner 1948) and Robbins 
(1951) have however been unsuccessful, and it must be concluded that McClary’s 
success was either due to the particular strain of maize used or to some unknown 
factor in his technique which has not been duplicated in later work. Bonner and 
Bonner (1948) in reviewing this subject concluded that »The roots of the Gramineae 
form a group which have resisted indefinite culture on any medium». 


It is clear from many accounts that excised cereal-root tips, when trans- 
ferred to culture media containing sugar, inorganic salts and B vitamins, 
often grow quite rapidly during the period immediately following excision 
from the seedling. This strongly supports the view that their subsequent 
failure is not a consequence of injury inflicted by excision, of lack of aeration, 
of the physical state of the medium, or of toxicity of the chemical substances 
initially present in the medium. Furthermore there is no evidence that 
changes in the medium are responsible for failure to grow on subculture for 
this has not been found to be affected by the frequency of subculture or the 
volume of medium used per culture. It is therefore suggested that the 
cessation of growth in culture is due either (1) to a requirement for some 
growth factor(s) or metabolite(s) not supplied or supplied under unsuitable 
conditions by the root-culture media hitherto used or (2) to a derangement 
of root metabolism resulting from detachment from the shoot and causing 
the accumulation of lethal substances in the root — this implies some in- 
fluence of the shoot which can never be supplied by the culture medium, 
for otherwise it becomes identical with (1) above. 

In a renewed approach to the problem of culturing excised cereal roots 
it seemed desirable to work with a species or strain in which the initial 
growth was fairly high, in which the decline in growth did not prevent at 
least one successful subculture, and in which lateral formation in culture 
would make possible exploration of the possibility of establishing clones by 
sector cultures. From a preliminary survey carried out in our laboratory 
a sample of Petkus rye was chosen. This grew well, persisted in certain 
media for at least 4 passages, and showed a marked growth stimulation 
in response to additions of a mixture of a yeast extract, peptone and casein 
hydrolysate. 

This choice was also supported by the report by Lowe (1950) that he had 
studied carbohydrate utilisation of excised rye roots growing in Burström's 
medium (Burström 1941) and had not encountered the rapid decrease in 
meristem size recorded by Almestrand (1949) in his work with other excised 
grass roots. 

The present paper describes the successful subculture of excised rye roots 
through many passages, the maintenance and building up of a clone of roots 
and the partial identification of the nutrient requirement of this clone. The 
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demonstration that excised rye roots can be obtained in continuous culture 
by a simple addition to White’s medium may indicate the nature of the 
general problem posed by the resistance of cereal roots to culture. It should 
however be emphasised that the technique and media used do not make 
possible the culture of other cereal roots or even of roots from a high pro- 
portion of the grains in our rye sample. 


Experimental 


General culture technique 


Seeds of Petkus II rye (Linton Pure Seed Co, Cambridge) were sterilised by shaking 
in 1 per cent of the detergent Lissapol for one minute, followed by 0.1 per cent 
aqueous mercuric chloride for 20 minutes. The mercuric chloride was removed by 
five washes with sterile double-distilled water and the seeds plated out in sterile 
petri-dishes containing a circle of Whatman No. 1 filter paper moistened with double- 
distilled water. After 3 days germination at 25° C, 12 mm. root tips were excised 
from seminal roots and transferred to the culture medium. 


The culture media used were the standard culture medium employed for the 
culture of excised tomato roots (Street and McGregor 1952) and modifications of this. 
125 ml. narrow-necked Pyrex Erlenmeyer flasks containing 50 ml. of culture medium 
were inoculated with single root tips or sector pieces. Unless otherwise indicated, 
culture vessels and medium were sterilised by autoclaving at 15 Ibs. for 5 minutes. 
Cultures were incubated at 25° C in incubators with glass doors thereby exposing 
the cultures to diffuse daylight, 


Establishment and maintenance of a clone 


Excised rye roots grew poorly in the standard culture medium, Addition to this 
medium of 10 mg./l. each of Difco Bacto yeast extract, B.D.H. peptone and Difco 
Bacto casein hydrolysate improved growth. The clone was initiated from a root 
growing in this medium: the root chosen had been initiated from a 12 mm. seedling 
root tip and when subcultured on the 18th day was 85 mm. long and had 10 primary 
laterals (total length of 75 mm) and 11 secondary laterals. This root was used to 
establish 2nd-passage sector cultures. From this point the clone was subcultured 
every 14 days. The technique used was as follows: — 12+2 mm. root tips were excised 
from the primary laterals of the sectors and these tips were used to set up ex- 
periments; at the same time, from the primary laterals, sectors each approximately 


15 mm. long and bearing 5 laterals 10—20 mm. long were excised and used to 
maintain the clone. 


The medium supplemented by 10 mg./l. yeast extract, peptone and casein hydro- 
lysate was used for 7 passages, Subsequently the clone was maintained in standard 
culture medium supplemented by 30 mg./l. of the yeast extract. In all, the clone was 


maintained without diminution in growth rate of the sector cultures through 38 
passages each of 14 days. 
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General technique of experiments 


The 12 mm. root tips excised from sectors were distributed evenly between 
treatments and incubated for 14 days. Each treatment was represented by 10 re- 
plicates. At the end of the growth period, calculations were made from measurements 
on the individual roots of average values for: increase in length of main axis (total 
length minus 12 mm.), number of primary laterals, total length of laterals, number 
of secondary laterals, and in certain experiments of the dry weight. 


Evolution of a satisfactory culture medium. 


Preliminary experiments showed that: Standard culfure medium plus 
30 mg./l. yeast extract was at least equal in growth-promoting activity to 
medium supplemented with 10 mg./l. each of yeast extract, peptone and 
casein hydrolysate. An ether-exhausted aqueous solution of the yeast extract 
was equal in growth-promoting activity to untreated yeast extract, Casein 
hydrolysate alone was much inferior to either yeast extract or peptone alone 
when tested over the range 20—100 mg./l. At equal concentrations peptone 
was slightly superior to yeast extract giving significantly higher values for 
increase in main-axis length and total lateral length. Omission of glycine 
(the only amino-acid in White’s medium) was without significant effect 
on the growth in standard culture medium or in this medium supplemented 
with yeast extract. Sucrose and dextrose supported a similar level of growth 
in media containing 30 mg./l. yeast extract. When tested over the concentra- 
tion range 0.25 to 8.0 per cent, optimum growth with sucrose was obtained 
at 4 per cent, optimum growth with dextrose at 2 per cent. The ability of 
sucrose to support growth did not depend on its partial inversion during auto- 
claving of the medium. Media of the same growth-promoting activity to 
autoclaved medium were obtained when the sucrose was autoclaved separately 
in aqueous solution or was incorporated by aseptic addition after previous 
treatment with dry ether. 

The higher growth-promoting activity of the yeast extract and peptone 
and the fact that increased lateral growth was the most marked feature 
of the stimulation, suggested that amino-acids might be involved (Skinner 
and Street, 1954). The analysis of Difco yeast extract supplied by the 
manufacturers had previously proved valuable in identifying the amino-acids 
which stimulate the growth of excised groundsel roots (Skinner and Street 
1954). In view of this it was decided to attempt the identification of the active 
constituent(s) of our yeast extract despite the slight superiority of our peptone 
sample in stimulating the growth of rye roots. A medium containing 4 per cent 
sucrose, with glycine omitted, and with 30 mg./l. yeast extract added was 
used as a basis for comparison with experimental treatments involving 
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additions of known amino-acid mixtures, of individual amino-acids and of 
related compounds. Glycine, which is normally included in standard culture 
medium was omitted in order to avoid antagonistic effects particularly when 
using single amino-acids or simple mixtures (Harris 1953). The yeast- 
containing medium specified above is subsequently referred to as the yeast- 
control medium. Standard culture medium containing 4 per cent sucrose, 
with glycine omitted and without the yeast extract addition is referred to as 
control medium. 


Growth-promoting activity of the amino-acids of Difco Yeast Extract 


Table 1 which is based on the analysis of Difco yeast extract, shows for 
each amino-acid the content in 30 mg. extract. It is arranged to indicate the 
amino-acids included in each of the three fractions tested singly and in all 
combinations for their ability to reproduce the growth-promoting activity 
of the yeast extract (and the total amino-acid mixture (Fractions 1+2+3).) 
The results of such an experiment are shown in Figure 1. It can be seen from 
this figure that although main-axis growth is stimulated by yeast extract 
its main effects are on lateral number and particularly on total lateral length. 
This latter measurement has proved the most consistent and sensitive criterion 
in assessing growth-promoting activity, and is used below to compare the 
relative growth-promoting activities of the different treatments. The com- 
binations Fraction 1+2+3 or 2+3 both supported about 82 per cent of 
the growth obtained in the yeast-control medium. Fractions 1 and 2 either 
singly or in combination had no growth-promoting effect. Fraction 3 and 


Table 1. The amounts of individual amino-acids supplied by 30 mg. Difco Yeast Extract. 


Stock Solution Amino-acids used Amount. mg. 
Fraction 1. L-aspartic acid 1.36 
L-glutamic acid 1.39 
L-isoleucine 0.88 
L-leucine 1.08 
DL-valine 1.02 
Fraction 2, L-arginine 0.23 
L-histidine mono-HCl 0.28 
L-lysine di-HCl 1.20 
L-phenylalanine 0.66 
L-tyrosine 1.18 
Fraction 3. DL-methionine 2.38 
DL-threonine 1.02 


L-tryptophane 0.26 
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Figure 1. Effects on the growth of excised rye roots of 3 fractions of the amino acids 

present in ’Difco’ yeast extract (the composition of these fractions is shown in Table 1) 

when added singly (1, 2 and 3) and in combinations to control medium, Each histogram 

represents the mean values for 10 replicates; in each case + the standard error is repre- 
sented by vertical lines on either side of the mean value. 


the combination Fraction 1+3 were clearly stimulatory, though the level 
of growth was below that achieved in the combinations 2+3 and 1+2+3. 
Fraction 3 alone had approximately 50 per cent of the growth-promoting 
activity of yeast extract. Fraction 2, though lacking in activity, enhanced 
the activity of Fraction 3. The eight amino-acids contained in the combina 
tion Fraction 2+3 were then tested singly (Figure 2). The mixture of all 
eight amino-acids (Fraction 2+3) or L-tryptophane alone had the same 
growth-promoting activity; in the present experiment this was approximately 
65 per cent of that of yeast extract. The other amino-acids tested individually 
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Figure 2. Effects on the growth of excised rye roots of adding singly to control medium 

each of the 8 amino acids present in Fractions 2+3. Growth in yeast control medium 

and in control medium+ Fractions 2+3 (8 amino acids) shown for comparison. Explana- 
tion of histograms as in Figure 1. 


either had no growth-promoting activity or were inhibitory, L-tryptophane 
appeared therefore to be responsible for the growth-promoting activity of 
the combination Fraction 2+ 3. The superiority of this combination over 
Fraction 3 alone was possibly due to antagonism of threonine inhibition 
by an amino-acid of Fraction 2. The conclusion that the growth promoting 
activity of Fraction 2+3 was due to tryptophane was confirmed by an 
experiment in which each amino-acid was in turn omitted from this com- 
bination (Figure 3). The seven treatments containing L-tryptophane stimu- 
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Figure 3. Effects on the growth of excised rye roots of additions to control medium of 

7 of the 8 amino acids present in Fractions 2+3; a different amino acid was omitted in 

each treatment and the omitted amino-acid is indicated against each histogram set. 
Explanation of histograms as in Figure 1. 


lated growth, while the treatment with L-tryptophane omitted supported 
the same level of growth as control medium. 

The fact that L-tryptophane alone was equal in growth-promoting activity 
to the combination Fraction 2+3 (Figure 2) and this in turn to the combina- 
tion Fraction 1+2+3 (Figure 1) showed that L-tryptophane reproduced 
the stimulation of yeast extract which arises from its known amino-acid 
content (approximately 80 per cent of the total activity). 

Subsequent experiments not now reported in detail showed that biotin, 
riboflavin and yeast nucleic acid, over a wide range of concentrations, were 
without growth-promoting activity to excised rye roots. The nature of the 
constituent (s) in yeast extract which accounts for its superiority over L-trypto- 


phane has not been further investigated. 
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Figure 4. Effects on the growth of excised rye roots of different concentrations of 

L-tryptophane added to control medium compared with growth in ‘yeast control’ medium. 

Each point represents 10 replicates and the vertical line at each point represents 2X the 
standard error. The concentration scale is logarithmic. 


The effect of L-tryptophane concentration was tested over the range 0.018 
—4.4 mg/l, (equivalent to the reported typtophane content of 2—500 mg./l. 
of the yeast extract). The results (Figure 4) show that maximum growth 
stimulation occurred at 0.44 mg./l. (the equivalent of 50 mg./l. yeast extract 

— the minimum yeast extract concentration at which full growth-stimulation 
is obtained). Marked growth-stimulation was recorded at the lowest trypto- 
phane concentration tested. 


Effects of yeast extract and of L-tryptophane on the growth of roots 
repeatedly subcultured by excision of main-axis tips 


The yeast extract was clearly essential for the satisfactory growth of the 
sector cultures of the rye clone. However, it did not markedly stimulate the 
main-axis growth of tip cultures grown for a single 14-day passage. 

Experiments were therefore undertaken to see how far yeast extract and 
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Figure 5. Growth and survival of 
excised rye roots subcultured by 
repeated excision of main axis tips 
in control medium and control me- 
dium supplemented with 0.26 mg/l. 
L-tryptophane (the tryptophane con- 
centration supplied by 30 mg./l. 
yeast extract). 
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tryptophane would improve the persistence and level of growth of individual 
main-axis meristems repeatedly subcultured (technique described by Street, 
McGonagle, and Roberts 1953). Survival of activity in main-axis tips was 
found to be high in culture medium containing either yeast extract or 
tryptophane; the few root tips which failed to grow on subculture were brown 
and swollen. By contrast when cultured in standard medium less than half 
the roots survived beyond the second passage and usually all roots ceased 
growth by Passage 4. Root tips ceasing growth in this medium were white 
and very thin and tapering. The early and rapid decline in survival observed 
in standard medium was associated with a fall in growth to a very low 
level. The growth of roots cultured in yeast extract or tryptophane-supple- 
mented medium fluctuated from passage to passage, but there was no 
evidence of any overall decline in growth rate with time. The results of an 
experiment comparing growth and survival in standard medium and in this 


oD 
medium supplemented by addition of 0.26 mg./l. L-tryptophane (the trypto- 
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phane level supplied by 30 mg./l. yeast extract) are shown in Figure 5. The 
addition of yeast extract or L-tryptophane therefore makes possible the 
continued growth of the apical-tip meristems of our Petkus-rye clone. The 
few tips which did cease activity in these media resembled tomato root tips 
showing the ‘ageing’ phenomenon (Street, McGonagle, and Roberts 1953). 
This ’aging’ was ascribed to the accumulation of a critical supra-optimal level 
of a root hormone (Street 1954 a). By contrast the cessation of meristematic 
activity in standard medium suggests rather the depletion from the apices 
of a growth-promoting substance which the rye roots are either unable to 
synthesise or cannot synthesise at the critical rate required for the.mainten- 
ance of meristematic activity. Tomato root tips inhibited by an excess of 
the anti-auxin, NMSP, are similarly thin, white and floating. 


Nature of the growth-stimulation caused by addition of L-tryptophane to 
standard medium 


(a) Effects on growth of substances related to tryptophane 


In the present investigation, this problem has been approached by substitu- 
tion experiments in which a search has been made for compounds related 
to tryptophane which would cause a similar stimulation of growth. 


(i) Nicotinic acid and L-Kynurenine. — Work with a variety of organisms 
supports the view that L-tryptophane acts as a precursor in nicotinic acid 
synthesis by way of L-kynurenine (Mitchell 1950). Recently several workers 
(Gustafsson 1949, Galston 1949, Wiltshire 1953) using higher plants, have 
obtained results pointing to the operation of this metabolic pathway. Nicotinic 
acid however, is present in standard culture medium at a concentration of 
0.5 mg./l. and it therefore seemed unlikely that the tryptophane stimulation 
arose from its combating a nicotinic acid deficiency in our reots. Experiment 
showed that omission of nicotinic acid from standard medium, or from media 
containing either 0.44 or 2.2 mg./1. L-tryptophane slightly enhanced growth, 
and that increase in nicotinic acid conentration up to 5.0 mg./l. progressively 
retarded growth of both the main axis and laterals. L-kynurenine at 0.45 mg./l. 
(equivalent in molarity to 0.44 mg./l. L-tryptophane) was without significant 
effect on excised rye-root growth. The tryptophane stimulation therefore 
does not seem to be explicable on the basis of a metabolic relationship 
between tryptophane and nicotinic acid. 


(ii) Indole and Serine. — Tatum and Bonner (1944), using Neurospora 
mutants, first obtained evidence of tryptophane synthesis by condensation 
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of indole and serine; the immediate precursor of indole being anthranilic acid. 
Subsequent work with other fungi and with bacteria has shown the wide 
occurence of this pathway of synthesis. Growth of excised rye roots was 
therefore compared in media supplemented by anthranilic acid, indole, 
DL-serine and L-tryptophane added singly and in various combinations. 
L-tryptophane was used at 0.44 mg./l., anthranilic acid and indole at the same 
molarity and DL-serine at twice this molarity (on the assumption that only 
L-serine would be involved in L-tryptophane synthesis). There was no evidence 
of serine toxicity at the concentrations used in this and the succeeding 
experiment: tryptophane stimulation was not depressed hy serine, nor did 
serine depress growth as compared with the control medium. Serine, indole 
and anthranilic acid added separately and also combinations of serine and 
anthranilic acid all failed to stimulate growth. Serine plus indole caused 
a significant (P=0.05) stimulation of lateral growth (equal to 20—30 per cent 
of the full tryptophane stimulation). This stimulation of lateral growth by 
serine plus indole was confirmed in a second experiment but could not be 
significantly enhanced by alterations in the serine: indole ratio (over the 
range from 0.5:1 to 64:1). These results suggest that excised rye roots 
supplied with serine plus indole can effect a slow synthesis of tryptophane 
or some related compound and that this accounts for their small but 
reproducible stimulating effect. 


(ili) Gramine, Skatole and DL-Tryptephanol. — Gramine, known to be 
synthesised from tryptophane in barley shoots (Bowden and Marion 1951), 
when tested over a concentration range equivalent in molarity to 0.13 to 
1.32 mg./l. L-tryptophane, was inactive. 

Skatole, a decomposition product of tryptophane in animal cells and a 
substance active in the oat-coleoptile curvature test (Glover, 1936), was also 
inactive over a concentration range equivalent in molarity to 0.13 to 4.4 mg./l. 
L-tryptophane. 

DL-tryptophanol, either incorporated into the medium before autoclaving 
or sterilised separately by filtration (Street, McGonagle, and Lowe 1951), 
stimulated both main-axis and lateral growth. If added in sufficient quantity 
it fully reproduced the growth stimulation resulting from addition of 
L-tryptophane. The lowest concentration of tryptophanol giving the full 
stimulation varied from experiment to experiment but did not fall below 
4X the tryptophane molarity having equal activity. Using chromatographic 
methods, it was subsequently shown (p. 255) that the tryptophanol sample 
contained a substance having the same Rf as IAA. It now seems probable 
that the activity of tryptophanol is to be explained in terms of this con- 
taminant. 
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(iv) B-Indolylacetic acid (IAA), B-Indolylacetonitrile (IAN) and D-Trypto- 
phane. — Bonner (1932) showed that Rhizopus suinis developed high auxin 
activity on a substrate containing peptone, and Thimann (1935) showed that 
this was due to oxidation by the fungus of tryptophane present in the peptone. 
Subsequently a wide variety of plant tissues have been shown to have the 
ability to produce auxin when supplied with tryptophane (Larsen 1951, Audus 
1953). In these experiments definite identification of the auxin produced has 
not been carried out although it has generally been assumed, in the absence 
of evidence to the contrary, that it was IAA. 

Concentrations of IAA below 10% g./ml. have little effect on the growth 
of excised rye roots. Inhibition of growth occurs at and above a concentration 
of 1075 g./ml. Marked growth stimulation, particularly of lateral growth, 
occurs within the range 10—*®—10-8 g./ml. The growth stimulation at 10° 
and 10-85 g./ml. IAA is equal to that obtained with 0.44 mg./l. L-tryptophane 
(Figure 6). 

A similar growth stimulation occurred with IAN. Maximum lateral stimula- 
tion occurred at 10° g./ml. (Figure 7). 101° g./ml. was clearly stimulatory 
and 10 g./ml. was inhibitory. The growth response to IAA and IAN was of 
the same order as that obtained with L-tryptophane. These substances were 
most effective in stimulating growth at approximately 1/400th of the optimium 
molar concentration of tryptophane. The same order of concentration of 
either IAA and IAN is required for optimum stimulation; inhibition becomes 
evident at a slightly lower concentration with IAN than with IAA. The re- 
sponse of excised rye roots to IAA and IAN contrasts with that of the seedling 
cress root (Bentley and Bickle 1952) and the excised tomato root (Street, 
McGregor, and Sussex 1954) where, using root inhibition as the criterion 
of activity, IAN was found to be about 100% less active than IAA. 

The ability of the optically inactive substances IAA and IAN to reproduce 
the L-tryptophane stimulation led to an examination of the activity of 
D-tryptophane. This revealed that D-tryptophane was exactly equivalent in 
activity to L-tryptophane in its effect on main axis and lateral growth. 


(b) The activation of tryptophane on heating in aqueous solution 


Gordon and Wildman (1943) showed that when tryptophane was heated 
in dilute alkaline solution it was converted into a substance (presumed to 
be JAA) active in the Avena coleoptile curvature test. When a solution of 
tryptophane in distilled water was boiled for 7 hours it also yielded detectable 
quantities of auxin. Kulescha and Gautheret (1949) have also reported the 
formation of a substance active in the Avena test when tryptophane solutions 
are autoclaved. Since in the experiments described in the earlier sections 
of the present paper, tryptophane containing media had been sterilised by 
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Figure 6. Effects on the growth of excised rye roots of different concentrations of B-indolyl- 
acetic acid added to control medium compared with L-tryptophane added at 0.44 mg.ll. 
(the optimum concentration). Replication and representation of standard errors as in 


Figure 7. Effects on the growth of excised rye roots of different concentrations of B-indolyl- 
acetonitrile added to control medium compared with L-tryptophane added at 0.44 mg.ll. 
Replication and representafion of standard errors as in Figure 4. 
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autoclaving it became important to examine how far their growth promoting 
activity was due to formation during sterilisation, of IAA from tryptophane. 
The full growth-promoting activity of the tryptophane addition could be 
accounted for on this basis if the concentration of IAA established was of 
the order of 1/400th the molarity of the tryptophane addition. 


(i) Demonstration of the activation of tryptophane by heating in aqueous 
solution. — The growth promoting activity of autoclaved tryptophane and 
of ’aseptically added’ tryptophane has been compared. The technique for 
the aseptic addition was as follows: crystals of L-tryptophane were weighed 
using sterile forceps, spatula and watchglasses and then dissolved in sterile 
double-distilled water. This solution was then added to culture flasks con- 
taining an appropriately concentrated autoclave-sterilised standard medium. 
The volume and concentration of the medium was such that it was adjusted 
to the correct strength and volume (50 ml.) by the appropriate volume 
(varying according to the concentration of tryptophane being added) of the 
aseptically prepared tryptophane solution. These manipulations were carried 
out in a sterile transfer room (Street 1954b). The results are shown in 
Figure 8. 

The ’aseptically added’ tryptophane was of very low activity compared 
with the autoclaved tryptophane. A subsequent experiment demonstrated that 
‘aseptically added’ tryptophane did not decrease the growth occurring in 
presence of autoclaved tryptophane and thereby eliminated the possibility 
that unheated tryptophane. contains an inhibitory substance rendering it 
inactive and that the activation on autoclaving is due to destruction of an 
inhibitor. These results suggested that the growth stimulation resulting from 
addition of tryptophane to the medium was due to the formation from trypto- 
phane of an auxin during autoclaving. 

It was considered that separation and ultimate identification of the 
postulated auxin in heat-activated tryptophane would be facilitated if activa- 
tion could be obtained by controlled heating in aqueous solution rather than 
by autoclaving in the presence of the constituents of the culture medium. A 
solution of L-tryptophane (22 mg./l.) in double-distilled water was therefore 
refluxed for 25 hours, samples being withdrawn aseptically after 1, 5 and 
25 hours, These samples and aseptic dilutions prepared from them were 
used to achieve concentrations in sterile medium of 0.017, 0.086 and 0.43 
mg./l. L-tryptophane. When tested for their stimulatory effect on excised rye 
roots it was shown that activation equivalent to that resulting from auto- 
claving with the medium occurred after 5 hours of refluxing in aqueous 


solution and that extention of the period of heating beyond this slightly 
decreased activity. 


TRUE 
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Figure 8. Efjects on the growth of excised rye roots of various concentrations of L-trypto- 

phane ’added aseptically’ to previously autoclaved control medium compared with similar 

concentrations of L-tryptophane autoclaved with the control medium. Replication and 
representation of standard errors as in Figure 4. 


(ii) Partition of activity between ether and water. — The partition of 
L-tryptophane, IAA and IAN between ether and water was studied by 
chromatography. 


Chromatograms were run on Whatman No. 3 paper strips for 12 hours using 
as solvent isopropanol (80 parts by volume) — 0.15 N ammonia (20 parts by volume). 
The chromatograms were then dried in a current of warm air (approx 45° C) and 
developed by spraying with 1 per cent p-dimethylaminobenzaldehyde in approxi- 
mately 1-N hydrochloric acid (Block, Le Strange, and Zweig, 1952). The initial 
colours resulting were: purplish-pink with tryptophane and tryptophanol blue with 
IAA, yellow with IAN. The Rf values obtained under these conditions were trypto- 
phane main spot 0.2—0.24, subsidiary spot 0.3—0.35, IAA 0.4—0.5, tryptophanol 
0.75—0.80, IAN 0.9—0.95. Our tryptophane sample gave a single spot on Whatman 
No. 1 paper but with the No. 3 paper, chosen to achieve heavier loading and using 
isopropanolammonia there was below the main spot a paler spot which did not 
separate from the main one and which was centred around Rf .3—.30. 


To test the extractability of IAA and IAN from standard medium by ether 
the following experiment was carried out. 50 ml of standard culture medium 
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(pH 4.85) containing tryptophane, IAA (0.1 mg.) and IAN (0.1 mg.) was 
shaken with an equal volume of anaesthetic ether. Evaporation of the ether 
extract to dryness and solution of the residue in water followed by chromato- 
graphy showed, after development, dense spots of both IAA and IAN. A 
second ether extract after adjustment to pH 3.0 was almost completely 
negative, there being only the faintest indication of colour at the IAA position. 
This result indicated that, at pH 4.85, the partition of IAA and IAN as 
between culture medium and ether is overwhelmingly in favour of solubility 
in the ether. The growth promoting activity of autoclaved tryptophane 
medium should, if activation is due to formation of either of these auxins, 
pass almost completely into the ether when equal volumes of ether and 
medium are shaken together. 


Standard culture medium containing 0.44 mg. L-tryptophane per 20 ml. was auto- 
claved (pH after autoclaving 4.5). Some of this was added aseptically to sterile 
control medium to give tryptophane-autoclaved medium (0.44 mg./l). 20 ml. was 
extracted in a sterile separating funnel with 20 ml. anaesthetic ether. The medium 
fraction was freed from ether by aeration for 3 hours at 40° C under aseptic con- 
ditions and then added 1 ml per flask to flasks containing 49 ml. of control media 
(tryptophane water fraction’). The ether fraction was evaporated to dryness at 
40° C under aseptic conditions and the residue was dissolved in 100 ml. sterile 
double-distilled water; this was added, 5 ml. per flask, to flasks containing 45 ml. of 
a solution containing the constituents normally present in 50 ml. culture medium. 
This treatment is referred to as the 'tryptophane ether fraction’. 


Both the ‘tryptophane water fraction” and the 'tryptophane ether fraction’ 
had high activity; the activity of the ‘water fraction’ was quite equal to that 
of the total tryptophane (Figure 9). The partitioning of activity between 
medium and ether did not correspond to that which would occur if activation 
is due entirely to IAA and/or IAN formation. Either formation of these auxins 
during activation does not occur or if the activity of the “ether fraction’ is 
due to them then in addition there must be formed substance(s) preferentially 
soluble in the medium, 


(iii) Chromatographic examination of tryptophane for the presence of 
indole compounds arising during activation, 


A solution of L-tryptophane in double-distilled water was divided into three 
800 ml. portions each containing 40 mg. tryptophane. The first portion was left 
unaltered, to the second portion 0.01 mg. IAA was added, and the third portion was 


— 


refluxed for 5 hours. Each solution was then separately adjusted to pH 3.0 with 


hydrochloric acid and extracted 4 times with 100 ml. anaesthetic ether. The combined 
ether extracts of each solution were then evaporated to small volume in vacuum 
at 40° C and applied separately at the starting line of the chromatogram. After 
chromatography and spraying with p-dimethylaminobenzaldehyde the ether extracts 
of the untreated and refluxed solutions showed only a single spot of Rf 0.21 (corre- 
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Figure 9. Partition of the growth promoting activity of ‘activated’ tryptophane between 

ether (tryptophane ether fraction) and medium (tryptophane water fraction). Activity 

tested by comparison of growth in control medium with that in medium to which trypto- 

phane or the ether or water fraction had been added. Explanation of histograms as 
Figure 1. 


sponding to tryptophane). The ether extract of the solution to which had been 
added IAA to the extent of 0.025 per cent of its tryptophane content showed in 
addition to the tryptophane spot, a second clearly defined spot of Rf 0.42 (corre- 
sponding to IAA). This experiment was performed on three occasions with the same 
result. 


Assessed by its stimulating effect on excised rye root growth IAA is equi- 
valent to about 400 X its own weight of activated tryptophane. If the activity 
of heated tryptophane solutions depends upon their IAA content then this 
should be about 0.25 per cent of their initial tryptophane content. The chro- 
matographic procedure described above easily detected IAA present in a 
solution to the extent of as little as 0.025 per cent of its tryptophane content. 
It failed, however, to reveal in the refluxed solution of the same tryptophane 
content any indication of IAA or other substance giving a colour with 
p-dimethylaminobenzaldehyde and differing in Kf from tryptophane. If IAA 
is formed during the heat activation of tryptophane this must take place only 
to a very small extent and could only account for a small fraction of the 
total activity. 


(iv) Chromatographic examination of tryptophanol for the presence of 
indole compounds, 


320 mg. of DL-tryptophanol was dissolved in 2 ml. ethanol. This was added to 
100 ml. distilled water when most of the tryptophanol came out of solution as a 


yp 
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fine precipitate. The solution was centrifuged and the precipitate filtered out. The 
filtrate was divided into two equal portions. 0.02 mg. IAA was added to one of these 
and then both solutions were adjusted to pH 3.0. Each solution was extracted 
4 times with 25 ml. anaesthetic ether. In the same way as was described in section 
(iii) the combined ether extracts from each solution were evaporated and the residues 
applied separately to the starting line of a chromatogram. 0.02 mg. IAA was applied 
to a third spot on the starting line. The chromatogram was run and developed 
as before. 


The results showed the presence of a substance in the tryptophanol sample 
which ran to exactly the same position as the IAA indicator spots of the 
other two chromatograms. If this substance is calculated as IAA, at least 
1 part in 8,000 is present in the tryptophanol sample. Allowing that trypto- 
phanol is required at 4 times the concentration of 'activated’ tryptophane, 
and that ’activated’ tryptophane is required at 400 times the concentration 
of IAA for similar levels of growth stimulation, this means that at the very 
least one-fifth of the optimal quantity of IAA is present in the concentration 
of tryptophanol which gives maximum stimulation. It therefore is possible 
that the growth stimulation caused by the addition of tryptophanol is due 
to contamination with IAA. 

This demonstration that the tryptophanol is contaminated with a substance 
of the same Rf as IAA enhances our confidence that the chromatographic 
technique used would have revealed the presence of IAA in ‘activated’ 
tryptophane if it had been present there in significant amount. 


Discussion 


Excised roots of different species differ in their response to externally 
applied IAA. Excised tomato roots are unaffected by low concentrations and 
inhibited by higher concentrations (Street, McGregor, and Sussex, 1954). By 
contrast IAA at appropriate concentrations has been found to stimulate the 
growth of excised roots of pine (Slankis 1951), white lupin (Duhamet 1939), 
pea (Bonner and Koepli 1939, Naylor and Rappaport 1950), maize (Fiedler 
1936, Kandler and Vieregg 1953) and wheat (Burström 1942). Excised rye 
roots represent an extreme example of growth stimulation by IAA; an effect 
which can also be produced by IAN, 

The ability of IAA and IAN to reproduce the tryptophane stimulation of 
excised rye roots suggests that we are here concerned with a growth hormone 
requirement, This requirement is absolute in the sense that it must be met 
if the roots are to be maintained in continuous culture. The only similar 
case seems to be that reported by Naylor and Rappaport (1950) who succeeded 
in growing, for the first time, excised roots of pea var. World’s Record 
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by adding to the basic medium cysteine plus tryptophane followed by auto- 
clave sterilisation. Apparently addition of tryptophane alone was not tried. 
In contrast to work with excised roots, IAA has been found to be essential 
for the establishment and maintenance of callus cultures derived from 
a number of tissues. In one such case, that of a callus derived from Jerusalem 
Artichoke (Kulescha and Gautheret 1949, Kulescha 1949), it was shown that 
aseptically added DL-tryptophane used at 10—100X the effective IAA con- 
centration had a similar, if smaller, stimulating effect. The callus tissue did 
not produce auxin (material active in the Avena test) in the absence of trypto- 
phane but did so in its presence. These observations together with the 
experimental results now presented suggest the hypothesis that autoclaved 
tryptophane stimulates and makes possible the persistence of excised rye 
root growth by virtue of its content of growth hormone(s) and that the roots 
cannot actively transform tryptophane itself into the active material. 

Excised roots, according to their behaviour towards externally applied 
auxins, can be separated into three groups: 

(i) Roots which, during culture, accumulate an essential growth hormone 
to a supra-optimal concentration and are therefore either unaffected or 
inhibited by external auxin, e.g. tomato. Street (1954 a), from anti-auxin 
experiments, has obtained evidence for the accumulation of a hormone (not 
IAA) to a supra-optimal concentration during the growth of excised tomato 
roots. There is evidence for a similar change in hormone concentration during 
the growth of pea seedling roots (Pilet 1951). 

(ii) Roots in which the hormone concentration remains sub-optimal and 
which are therefore stimulated by external auxin, e.g. pea, maize, wheat. In 
the case of maize and wheat, attempts at subculturing these roots over a 
period of time shows that lack of growth hormone is not the primary factor 
preventing their continuous culture. Excised roots of maize and pea continue 
to produce auxin but the concentration present is clearly smaller than when 
they are attached to the plant (Nagao 1937, 1938; van Overbeek 1939). 

(iii) Roots which have so low a content of hormone that an external auxin 
supply is essential for their continuous culture, e.g. rye. 

Those roots which are stimulated by an external supply of auxin do not 
seem to show marked specificity for a particular substance. Würgler (1942) 
showed that a-naphthaleneacetic acid, ß-indolylpropionic acid, IAA, cis- 
cinnamic acid or phenylacetic acid were all capable, to varying extents, 
of stimulating the growth of excised maize roots, Kandler (1953) found 
that the stimulation of excised maize roots by 2, 4-dichlorophenoxyacetic 
acid and a-naphthaleneacetic acid was of the same order as that obtained 
by IAA. The present work shows excised rye roots to be equally stimulated 
by ‘activated’ tryptophane, IAA and IAN. Street (1954a, 1955) found that 
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IAA and a-napthaleneacetic acid both enhanced the natural ’ageing’ occurring 
in excised tomato roots during repeated subculture. 

The response to the anti-auxins, a-(1-napthylmethylsulphide) -propionic 
acid and 1-naphthoxyacetic acid, of excised tomato roots depressed in growth 
by natural accumulation of hormone during repeated subculture is, however, 
quite different from that of roots inhibited by IAA. (Street 1954 a, 1955). 
Clearly studies of the growth effect of externally applied synthetic auxins do 
not permit conclusions to be drawn regarding the identity of the natural 
hormones, However, it is mainly from work of this latter kind that an 
important role in the control of root growth has been ascribed to IAA. 
Van Overbeek and Bonner (1938) showed that the auxin extractable from 
excised pea roots was easily destroyed by alkali and therefore was probably 
not IAA. More recently, indications that roots contain several distinct growth 
hormones has come from chromatographic studies of ether extracts of 
seedling roots of pea, bean and maize (Bennet-Clark and Kefford 1953). In 
addition to providing evidence of the occurrence of IAA and possibly also 
of IAN, two other growth substances were detected (inhibitor B and accele- 
rator a). 


Tryptophane may be the precursor of one or more root hormones but its 
transformation may proceed extremely slowly or not at all in the excised rye 
root. The activity of indole plus serine, however, raises the possibility that 
the inactivity of ‘aseptically added’ tryptophane may result from a very 
slow rate of entry. Interest in the heat-activation of tryptophane arises from 
the evidence that it is not due primarily to [AA formation. This conclusion is 
supported by Avery and Berger (1943) who have pointed to the instability 
of the Avena-test activity of heated tryptophane solutions to strong alkali. 
Clearly, understanding of the problems raised by our results waits upon 
further knowledge of the natural root hormones and of the chemical 
change(s) involved in tryptophane activation. 

The addition of yeast extract or tryptophane has made possible the con- 
tinuous culture of a clone of excised rye roots. Other experiments (un- 
published) show, however, that these media and the culture technique 
described only make possible the building up of clones from about 10 per cent 
of the grains of our rye sample, and fail to establish clones of other cereal 
roots tested. The present work, therefore, does not solve the problem of the 
culturability of excised monocotyledonous roots in general, although it may 
indicate that the essential condition for success is supplementation of the 
culture medium with growth factors (of which one may be that exposed in 
our present work with rye roots) 
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Summary 


1. The growth of excised roots of Petkus II rye in modified White’s medium 
is stimulated by addition of B.D.H. Peptone or Difco Yeast Extract; the 
most marked stimulation is in lateral growth. Eighty per cent of the 
growth stimulation by the yeast extract arises from its content of 
L-tryptophane. 

2. A clone of excised rye roots was established as sector cultures and main- 
tained without diminution in growth rate through 38 passages of 14 days 
duration in medium supplement with 30 mg./l. Difco Yeast Extract. 

3. The addition of yeast extract or L-tryptophane make possible the con- 
tinued growth through successive passages of the main axis meristems 
of the clonal roots. 

4. Nicotinic acid, L-Kynurenine, gramine and skatole did not stimulate 
growth. IAA and IAN at 1/400th the optimum molarity of tryptophane 
were equal to it in growth-promoting activity. D- and L-tryptophane had 
the same activity. 

5. Tryptophane added aseptically to previously autoclaved medium does 
not stimulate growth. The tryptophane is ‘activated’ during autoclaving 
or when refluxed in distilled water. 

6. When medium containing ‘activated’ tryptophane is shaken with ether, 

the partition of activity between ether and medium does not correspond 

with that which would be expected if activation is due to formation of IAA 
and/or IAN from the tryptophane during heating. 

Examination of ‘activated’ tryptophane by chromatography also sup- 
ports the view that IAA formation does not account for its activity. 

The culture technique described only makes possible the establishment of 

clones from about 10 per cent of the grains of the rye sample used and 

fails to establish excised-root clones from the other cereals tested. 


1 


Addendum 


Dr. A. Almestrand (Botanical Laboratory, University, Lund) in a private 
communication (8th September, 1954) informs us that he has also been 
successful in culturing excised rye roots. Using Burstrém’s medium (Bur- 
ström, 1941) containing either Difco or Cenovis yeast extract he has main- 
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tained his cultures during the last six months. Almestrand finds however 
that when sucrose is substituted for glucose in Burström’s medium, growth 
of his root material is much reduced and soon stops so that subcultures 


cannot be made. 
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Introduction 


The question whether the daylength responses of plants are to be placed 
into the same category as other rhythmic phenomena has recently become 
prominent in discussions on the mechanism of photoperiodic reactions. The 
original suggestion and much work on this aspect are due to Bünning who 
has evolved a detailed hypothesis explaining the effects of daylength on the 
flowering of plants according to whether environmental changes are either 
in or out of phase with internally determined or endogenous rhythms. To 
some extent this theory consists of a restatement of the known observational 
facts in other terms. Bünning has however elaborated this hypothesis by 
suggesting that the phases in which light has a favourable effect are pre- 
dominantly »synthetic», those in which it has not, predominantly »hydro- 
lytic». The terms favourable and unfavourable are always used in relation to 
flower promotion or inhibition. The differential effect of light according to 
the phase in which it is given, is due to the inactivation of different sub- 
stances: auxin in the photophile (favourable) phase and some substance 
stimulating flowering during the scotophile (unfavourable) phase. This last 
suggestion is however still regarded as tentative, (Biinning, 1952). The photo- 
phile and scotophile phases alternate according to Bunning’s hypothesis 
following a regular sinusoidal curve with a period of 24 hours. On this basis 
it is possible to predict that a light break given during a long dark period 
(i.e. exceeding 12 hours) should promote or inhibit flowering according to 
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the phase during which it is given. This effect is well-known in short-day 
plants such as Kalanchoé Blossfeldiana grown in short day in a 24 hour cycle, 
where maximum inhibition results from a light break given near the middle 
of the dark period (Harder, 1948). In order to test Biinning’s theory this 
observation was further extended by Claes & Lang (1947) with the long-day 
plant Hyoscyamus niger and by Carr (1952 a) with the short day plants 
Perilla ocymoides and Xanthium saccharatum to 48 hour cycles in which 
similar results were obtained, i.e. a light break given in the two scotophile phases 
of the long dark period was more effective than a break given during the 
photophile phase. However, Claes and Lang suggested an alternative explana- 
tion for these results; it seemed possible that the combination of the light 
break with the main light period preceding or following it actually constituted 
effectively a long light period, the intervening dark period being too short 
to have any effect. Since then Wareing (1954), has adduced further evidence 
that the effective light period is the sum of the main photoperiod plus inter- 
vening dark hours plus light break. In Biloxi soybean summation of these 
two light periods and intervening dark appears to take place if given in either 
order, while in Xanthium a light break following the main light period seems 
the more effective. In order to distinguish between these two alternative 
explanations Carr (1952b), carried out a further experiment in which, after 
a twelve hour main light period, the dark was extended to 60 hours. This 
dark period embraced 3 scotophile phases and a light break given during 
the second of these was therefore preceded as well as followed by a long 
dark period and any unfavourable effect on flowering of a light break given 
at that time would argue against Claes and Lang’s alternative suggestion. 
In this experiment Carr gave nine such 72 hour cycles and he obtained some 
flowering with light breaks in the first and second photophile phases while 
none of his plants budded when the light breaks fell into any of the three 
scotophile phases. Unfortunately this important result is marred by the fact 
that none of the controls i.e. those plants whose 60 hour dark period was not 
interrupted at all, appears to have flowered. Similarly only two treatments 
having breaks in the second photophile phase flowered compared with five 
in the first such phase and, as near as can be judged from the histogram, 
only 6 and 2 replicates out of 9 did so respectively. 

In view of the importance of this experiment it was thought worth while to 
repeat it. This was done in the summer of 1953. 


Methods and Results 


rhe experiment was carried out during August and September in a well ventilated 
greenhouse whose temperature was not controlled, but which was kept low during 
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the 60 hour dark periods of each cycle by shading. In Carr’s experiment the light- 
break treatments were at 3 hourly intervals; in the present experiment the interval 
was 4 hours, thus reducing the number of treatments from twenty to fifteen. The 
light break, of 30 minutes’ duration, was given by means of incandescent light from 
two 12V 24W lamps suspended ab. 10 cm. above the plants which were arranged in 
a circle surrounding the lamps to exclude any mutual shading and to equalize light 
intensity. The lights were operated by a multiple time switch made from a thermo- 
graph clock and drum. Before the start of the experiment all axillaries were removed 
from the plants which were then sorted into twelve blocks according to initial size 
in order to minimize any subsequent variation in flower numbers etc. arising from 
such differences. Before and after the ten 72 hour cycles were given the plants were 
kept in continuous light (natural daylight prolonged by incandescent lamps). Apart 
from Kalanchoé Blossfeldiana as used by Carr some Xanthium pennsylvanicum 
plants were also included in this experiment, but in this case only four replicates 
were used and only three 72 hour cycles given. 

Kalanchoé: Seven weeks after the end of the experimental treatments flower counts 
were made on the Kalanchoe plants and measurements of the inflorescences taken. 
The following data are presented in Figures 1—3: total number of flowers per plant, 
the mean reciprocal of the time to budding, and the plant heights. 


As the main inferest was centred on any effect during the second scotophile 
phase several statistical analyses were carried out on the eight treatments with 
light breaks ranging from the first to the second photophile phase in the 
60 hour dark period, i.e. the treatments whose dark period was interrupted 
between noon of the second day and 4.30 p.m. of the third day. As will be 
seen from Figures 1—3, the effects of the light breaks in the first and third 
nights are so large as not to require statistical confirmation. Statistically 
significant differences between the other eight treatments were established on 
total flower numbers at the 1 per cent level when these treatments were grouped 
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by combining them into three sets: (a) those with light breaks at 12.30 noon, 
4.30 p.m. and 8.30 p.m. on the second day, (b) those with the light breaks 
at 12.30 midnight and 4.30 a.m., and (c) those with light breaks at 8.30 a.m., 
12.30 noon and 4.30 p.m. on the third day. This analysis between the three 
groups indicates clearly that the bottom of the »trough» in the second scoto- 
phile phase is significant. A z-test of the eight treatments without any 
grouping also indicates a significant treatment effect. Finally, a regression 
of flower number on time of light break also indicated that the quadratic 
term was highly significant. This calculated curve has been shown in 
Figure 1. 

The reciprocals of the time to the macroscopic appearance of inflorescence 
initials were also analysed in the same manner and indicated equally highly 
significant differences. In this case no regression was calculated. The height 
data (Figure 3) were not further analysed. 

Xanthium: The results obtained with Xanthium are shown in Table 1 and 
here there is no evidence of any effect of the light break at all. None of the 
plants failed to flower in any treatment. However, there appears to be some 
slight effect of light breaks on the days to macroscopic budding and the leaf 
numbers produced before inflorescence initiation. This slight delay is 
restricted to those treatments in which the light break followed soon after 
the main light period. This observation is also in good agreement with the 
effects noted by Wareing (1954) using the same species in somewhat similar 
experiments. 


From the experiments with Kalanchoë then it is clear that apart from the 
very large effect of light breaks soon after or shortly preceding the main 
light periods, light breaks during the second night (Biinning’s second scoto- 
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phile phase) did also have a detrimental effect on flower numbers and on 
the time for visible budding to occur. As regards the existence of the effect, 
these data then confirm those obtained by Carr at Tiibingen. On the other 
hand the result differs from his in the magnitude of the effect, and hence in 
the importance which is to be attached to it. Carr’s histograms could easily 
be reproduced by taking an arbitrary datum line through the level of ab. 
200 flowers per plant in Figure 1. This would leave only the two peaks and 
would disguise the great difference between the first, second and third 
minima, 


Table 1. Effect of half-hour light breaks on Xanthium pennsylvanicum receiving three 
72 hour cycles consisting of 12 hours light and 60 hours dark. 


| Hours of dark | Number of |oNuniber |Days from start of expt. to| Leaf number 
| preceding light | ~ li | b das à macroscopie appearence | increment prior 
| break Giese ee | of infl. | to budding 
| 4.5 4 4 21.0 6.3 
| 8.5 4 4 18.0 8.3 
| 12.5 4 4 16.3 6.3 
| 16.5 4 4 13.7 7.0 
| 20.5 4 4 14.5 7.5 
| 24.5 4 4 13.3 7.0 
| 28.5 4 4 12.8 6.5 
| 325 4 4 12.5 6.3 
36.5 4 4 12.0 6.8 
| 40.5 4 4 13.8 6.8 
| 44.5 4 4 12.8 | 5.8 
| 48.5 4 31 13.3 6.7 
| 52.5 4 4 14.3 6.3 
| 56.5 4 4 15.3 6.8 
| control 4 22 13.0 | 6.3 


1 One plant was accidentally damaged. 
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Mere consideration of the number of plants flowering in the present ex- 
periment would not have shown any effect at all due to a light break in the 
second scotophile phase, but there is a noticeable inhibition in the first and 
third of these. The number of wholly vegetative plants with a light break at 
4.30 a.m. in the first scotophile phase was five out of twelve, while eleven out 
of twelve remained vegetative with a light break at 8.30 p.m. and two out 
of twelve did so with a light break at 12.30 midnight in the third scotophile 
phase. From this it would seem rash to conclude that Bünning’s explanation 
is the only one applicable and that Claes and Lang’s alternative must be 
rejected as inadequate. A more likely interpretation seems to be that both 
may in fact apply. Bünning’s effect due to internal rhythms would seem to 
be relatively slight compared with the effective long day produced by the 
combination of main light period and light break. Although temperatures 
were not maintained constant in the present experiment but underwent 
regular diurnal variations in the greenhouse, it would seem unlikely that 
the whole of the effect described could be caused by such changes. 


Experiments with cycles of different total lengths carried out in Lappland 


From experimental results reported by Schmitz (1951), who used a wide 
range of cycle lengths with different dark and lights periods, and whose data 
are discussed below, it would also seem that endogenous rhythms alone 
cannot suffice to explain the reaction of short-day plants. A similar experi- 
ment to Schmitz’s was carried out by the author in Lappland in the summer 
of 1952, taking advantage of the continuous daylight prevailing during the 
Arctic summer. This made it possible to combine light and dark periods 
factorially into cycles of greater and smaller total lengths than the normal 
twenty four hours without having to use artificial sources of illumination. 
In order to spread the diurnal variations in light intensity (which are of 
course quite marked) over all the cycles, multiples of five hours were chosen 
so that none of the cycles coincided with the normal day. Hence these fluctu- 
tions of light intensity were not confounded with treatments. The following 
periods were chosen: light 5, 10 and 20 hours, dark 10, 20, 30 hours giving 
nine different cycles. These were given for twelve induction periods only, all 
plants receiving continuous daylight before and after such treatment. The 
number of induction periods was limited by the time available in the Arctic 
for experimentation, and as twelve such periods of the longest cycle repre- 
sented twenty five days it was not possible to exceed this. Six replicates each 
of three short day species were grown in this experiment: Kalanchoé Bloss- 
feldiana, Xanthium pennsylvanicum and a short-day variety of Impatiens 
balsamina. The results are shown in Table 2. ; 
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Sep 2. Flowering etc. of three short day species in cycles combining 5, 10 and 20 hours 
light factorially with 10, 20 and 30 hours dark. Twelve such induction cycles were given 
preceded and followed by continuous daylight. Six replicates were used in each treatment. 


| Hours light “its L 10 L 20 
Hours dark D 10 | D 20 |D 30/D 10|D 20|D 30/D 10!D 20|D 30 
| Kalanchoé: 
NO mOLeplantsibiudded an. we | 0 627927 02 66 0: gl Dlg 
Mean No. of flowers in terminal inflore- 

SCONCE . ....... use secs 0 /143.3/10.1)] 0 | 80.1) 79.7) 0 2 0 
Mean leaf pair increment to inflorescence’, 5.0) 2.5) 4.0) 5.7) 2.9 3.0 5.1| 5.5) 5.1 
Mean height increment at budding cms! ..| 8.0) 3.7 44 6.6 45 51| 7.3) 7.1) 8.4 
Dayalto,hadding SIE re | 19.0) 32,5 22 33.0) 
Mean length of main infl. axis cms ....| = 5.7; 1.3, — | 3.9) 3.9) — | 1.8] — 
Xanthium: | 
No. of plants budded ................... ERDE Eee 
Des baddıng 2 ana nase vs ys eons oe | 34.0! 14.3] 17.1] 14.0] 15.5) 15.1| 16.0] 14.3| 14.0 
BBERTENOSUNCTEINENE =f Eee en s 7 8:80 =25:017 5.110501, 0.3125.11eB.2 5:30.57 
Height increment to budding cms! 1 14.217 22.4172.3| 5.01 4:5) 9207) 6.8) 4.6| 5.1 
Impatiens: | | 
NomoL plantsshudded zer et: at nt oe 0 6 0 0 65 0 6 6 
DASSEIGEDUGGIDE EE eee qu — 2723.01) 310) 36.80 — aslo 31.3) 
Nosoraxılawithtirsthude sen een. — 7.1| — | — | 8.3; 10.0) — | 10.0) 10.7 


1 Values for vegetative plants are those attained at the end of the experiment. 


In Xanthium flowering occurred in eight out of the nine cycles given, the 
only exception being the shortest cycle combining a dark period of 10 hours 
with 5 hours light, in which only two plants budded very late, the other four 
replicates remaining quite vegetative. This failure cannot be said to be due 
entirely to the shortness of the dark period for the same dark period com- 
bined with 10 or 20 hours light caused flower initiation. On the other hand 
5 hours light are not limiting flowering if combined with longer dark periods 
such as 20 or 30 hours dark. It would seem that this result is similar to 
those noted by Wareing (unpubl.)'who found for Biloxi soy bean that the 
critical dark period is increased as the photoperiod is shortened. Again both 
these results may be related to a recent observation (Schwabe, 1954), that the 
critical dark period increases as the light intensity preceding the dark period 
is decreased and a very short photoperiod may have the same effect as one 
of insufficient intensity. 

In Balsam 10 hours dark was insufficient to cause flowering regardless of 
the length of the light period; 5 hours light combined with 30 hours dark 
caused a high degree of etiolation and probably for this reason again no 
flower initiation occurred. All other combinations of light and dark led to 


flower initiation. 
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In Kalanchoë again 10 hours dark was too short for any flower initiation. 
In this species as in Xanthium flowering did take place in 5 hours light plus 
30 hours dark. In Kalanchoë however, 20 hours light proved to be too long 
a light period for successful flower initiation and only in combination with 
20 hours dark were two plants induced to produce any flowers at all. When 
20 hours light were combined with 10 or 30 hours dark all six replicates 
remained completely vegetative. In general these results with Kalanchoë agree 
very well with the data gathered by Schmitz (1951) the only exception being 
a cycle of 10 hours light plus 10 hours dark — here vegetative — for which 
he quotes a result in the literature indicating flowering. 

The successful flowering then of Xanthium in cycles with total lengths of: 
20, 25, 30, 35, 40 and 50 hours; of Impatiens in cycles of: 25, 30, 40 and 50 
hours; and Kalanchoë in cycles of: 25, 30, 35 and 40 hours would again make 
it appear unlikely that the prime cause of photoperiodic responses must be 
sought in the alternation of phases of an internal rhythm which must largely 
coincide with the appropriate changes of light and dark in the external 
environment. Even if some adaptation to cycles other than twenty-four hour 
cycles is postulated, some limit must be set to this or the rhythm can no 
longer be regarded as endogenous at all. It seems hard to believe that adapta- 
tion occurred in all the above cycles which led to successful flowering. 

In the case of Kalanchoë the results shown in Figure 25 of Schmitz’s paper 
suggest a relatively simple relation between the light and dark periods 
suitable for flowering, i.e. there is, apart from the well-known minimum or 
»critical» dark period, also a maximum light period which will allow 
flowering to occur-and if this is exceeded the vegetative condition will be main- 
tained regardless of the associated dark period. Possibly this may represent 
some over-simplification since Wareing’s (1953) results would indicate that 
the critical dark and light periods are not absolutely independent and that 
interactions occur, Failure to flower in spite of an adequate dark period but 
when the effective light period given was too long has also been demonstrated 
by Wareing (1953). 


Discussion and Conclusions 


The repetition of Carr’s important experiment (1952 b) in which a 72 hour 
cycle was used has yielded results which tend to confirm that rhythmic 
changes in the plant may affect its sensitivity to light breaks given in the 
course of a long dark period, as postulated by Biinning. For it is improbable 
that the above findings can be ascribed entirely to diurnal temperature 
changes during the experiment, both since they support Carr’s results, which 
were obtained with constant temperatures, and in view of Harder’s demon- 


PHOTOPERIODIC CYCLES DTA 


Scotophile Photophile 


Oo BR TE BIT 6: 0180724 
Time from start offirst inductive cycle, hours 


Figure 4. Photoperiodic cycles which led to successful flowering in X—Xanthium, 
K=Kalanchoe, and I=Impatiens. The length of one light plus one dark period (in 
hours) is shown at the end of each line. The cycles are shown for four consecutive periods 
of 24 hours together with the photophile and scotophile phases of a diurnal endogenous 
rhythm (for short-day plants) starting at the beginning of the first inductive cycle. 


stration of the absence of temperature effects on this response (Harder et al., 
1944). However, in the present experiment the magnitude of the effect was 
much smaller than in Carr’s data. A possible explanation for this discrepancy 
may perhaps be found in the different states of the plants in the two experi- 
ments particularly in view of the complete failure of Carr’s controls to flower 
with an uninterrupted dark period of 60 hours. Again the small degree of 
flowering in those of his treatments in which the light break coincided with 
the second photophile phase also suggests that his plants were less vigorous 
than those used in the present experiment. Hence the adverse effects on 
flowering which he records would seem to be exaggerated making it difficult 
to assess their relative importance in more normal circumstances. 

The uniform flowering of Xanthium pennsylvanicum in the present ex- 
periment throughout all light break treatments and controls, however, does 
not suggest that any rhythmical processes are concerned in this species. 
Similarly the much smaller effect of light breaks on Kalanchoé in the second 
scotophile phase compared with the first and third also seems to indicate 
that the effects of internal rhythms are not of a magnitude sufficient to 
account for all photoperiodic responses. 

Further, those experiments involving nine different factorial combinations 
of daylight and dark also do not suggest that an internal 24-hour-rhythm can be 
the main controlling factor in flowering. In all three species investigated 
flowering occurred in cycles differing widely from 24 hours, and the fact 
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that the periods employed were multiples of 5 hours ensured that coincidences 
with a 24-hour period were quite infrequent. This is illustrated in Figure 4. 
where only those cycles which led to flowering in one or all of the three 
species are shown, together with a 24-hour rhythm starting at the beginning 
of the experiment. Except where plants became rather etiolated and are 
therefore likely to have remained vegetative for this reason, failure to flower 
could be attributed either to the dark period being too short, or to excessive 
length of the light period (20 hours in Kalanchoë). If »adaptation» accounts 
for flowering in all these instances, the internal rythm must be equally 
aajustable to a wide variety of cycle lengths. 

In view of these facts it is necessary to reconsider Bünning’s theory in 
some detail. The main difficulty in this hypothesis lies in the lack of defini- 
tion of the term »endogenous» as it is applied to the rhythms held respon- 
sible. In a recent paper Bünning (1954) stresses the fact that rhythmic changes 
in leaf movements have been under discussion for more than 50 years, and were 
not invented to explain photoperiodism. His own chief contribution to the 
subject has been to attribute photoperiodic effects to the same causes; i.e. 
photoperiodic responses are to be regarded as manifestations of the pheno- 
menon of an internal rhythm interacting with an environmental rhythm. 
Thus although not invented for the purpose it is claimed that these internal 
rhythms must be taken into account in order to explain photoperiodic pheno- 
mena. If this is so it would seem that a causal relation should be established 
— a mere correlation between the two phenomena of leaf movements and 
flowering responses would not in itself serve for this purpose unless the 
physiological causes of leaf movement were known — which is not the case. 
In the paper referred to, Bünning gives a further exposition of his hypotheses 
relating photoperiodism to these endogenous rhythms, and three of his state- 
ments may be quoted here: — (a) »Behauptet und bewiesen wird nur, dass 
es sich bei alledem um nicht anderes handelt, als um die endogene Tages- 
rhythmik, bei der eben bestimmte Phasenlängen erblich festgelegt sind, und 
die durch Licht und Dunkelheit regulierbar und modifizierbar ist.» (b) »Muss 
denn eigentlich immer wieder auf das einfache Beispiel des Pendels hin- 
gewiesen werden, dessen Schwingungsdauer auch endogen, nämlich durch 
die Pendellänge, festgelegt ist, und bei dem ebenfalls die Lage der Phasen 
willkürlich durch neue Anstösse modifiziert werden kann?» (c) »Aus diesen 
Ergebnissen folgt also, dass bei der Soja, die im normalen Licht-Dunkel- 
Wechsel des Gewächshauses aufgezogen ist, ein einzelner Lichtreiz nur aus- 
reicht, um die endogene Tagesrhythmik für etwa 30 Stunden einzuregulieren: 
Der Lichtreiz induziert eine photophils Phase (Gesamtdauer etwa 10 Stunden), 
eine anschliessende skotophile (Gesamtdauer etwa 14 Stunden), und eine 
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nochmalige photophile Phase, die aber schon abgekiirzt sein kann. Dann 
beginnt die Dunkelstarre.» 

The endogenous component of such rhythms is thus to be regarded as 
analogous to a pendulum whose length is »endogencusly fixed», (hereditarily 
determined lengths of phases), but which may be set in motion by external 
agencies, the important characteristic being the length of the phases and not 
merely an alternation of maxima and minima which may be continued even 
in the absence of external stimuli. 

However, Bünsow (1953 a) has pointed out that the term »endogenous 
diurnal rhythm» itself has been used in several different senses and he 
makes the following distinctions: — »1. die endogen-tagesrhythmischen 
Bewegungen, 2. die Rhythmik dieser Bewegungen und 3. die inneren Ursachen 
dieser Bewegungen, hier das endodiurnale System genannt.» However, it is 
not known whether Bünning has accepted these distinctions. 

As regards leaf movements Bünsow states that the term endogenous refers 
to the resultant of both external and internal causes. At the same time he 
opposes a strict distinction between external and internal effects, which he 
prefers to treat as »polar» concepts — though this does little to clarify our 
ideas concerning the mechanism of endogenous rhythms. 

In order to justify a theory that photoperiodic responses are explained 
by an endogenous rhythm which is either subject to environmental modifica- 
tion (Bünning) or the resultant of external and internal factors (Bünsow), 
two requirements must be fulfilled by these rhythms: — 


1) they must be shown actually to control flowering behaviour, and 

2) they must allow for adaptation to cycles of light and dark whose total 
duration differs from the 24 hours normally accepted as the period of 
the natural rhythm. 


We may confine our attention to short day plants, since in long-day plants 
the position is still that continuous light without any alternation of phases 
is usually optimal for flowering. If we accept Biinsow’s definition it may 
be assumed the »endodiurnal system» retains its fixed phase length once it 
is set in motion and is not affected by the environment, an idea which also 
would agree with Bünning's simile of a pendulum of fixed length. The actual 
phase lengths of the observed phenomena would then be the resultant of 
the fixed internal rhythm and the rhythm superimposed by the environment. 
In cases of »adaptation» to cycles widely differing from 24 hours the environ- 
mental effect must be regarded as completely dominant and obliterating the 
effects of the internal autonomous endodiurnal system. It would seem very 
necessary therefore, to devise subsidiary hypotheses to account for the fact 
that »adaptation» is not possible to all kinds of cycle lengths and to explain 
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in what sense »failure to adapt» should be regarded as re-assertion of the 
internal rhythm. 

On the other hand it might well be that under constant external conditions 
a natural autonomous rhythm might become apparent. In contrast to leaf 
and flower movements however, we have no means of detecting the hypo- 
tetical alternation of sensitivity to light and dark in the case of flowering 
responses. The only criteria are the eventual success or failure of floral 
initiation, its intensity and the time taken before it is achieved, and in order 
to detect any effect at all we have to impose some light/dark regime which 
may or may not interfere with the rhythm under investigation. Hen¢e control 
of flowering by the internal rhythm could be effective only under exceptional 
conditions such as cycles with very long light or dark periods in which the 
imposed effects of external stimulation have faded out. 

If on the other hand we do not follow this interpretation of Bünsow’s 
remarks in regarding the internal unobservable rhythm as fixed and distinct 
from the rhythm manifested, then we may treat the rhythm of leaf movement 
and the internal rhythm as identical. To return to Bünning’s simile, once 
the pendulum of fixed length has been set in motion the endogenous rhythm 
is also fixed and the flowering response of short-day plants will depend on 
whether, after the initial light period, a subsequent light period or short 
light break falls into a photo- or scotophile phase as these succeed one 
another. But this would preclude any adaptation to cycles of total lengths 
other than 24 hours or multiples thereof, and hence some of those shown 
in Fig. 4, in which normal flowering occurred, clearly could not be accounted 
for on this hypothesis: nor for that matter could many of the leaf movements 
recorded by Kleinhoonte (1929) and quoted by Bünning (1953). A way may 
be found out of this dilemma in the case of long period cycles if the per- 
sistence of the endogenous rhythm is found to be limited in darkness, so 
that after a short period the oscillation fades out, e.g. in the paper cited it is 
claimed that under these circumstances the endogenous rhythm in soy bean 
ends after 30 hours, and that once dark rigor of leaf movement has set in 
a new light stimulus is required to start it again. If the rhythm is thus damped 
completely between two periods of endogenous oscillation it is possible on 
the theory to accommodate effective cycles having excessively long dark 
periods (and possibly something similar might be postulated for cycles 
containing long light periods), but the problem of adaptation to cycles of 
total lengths less than 24 hours still remains unsolved. Also, if dark rigor 
is postulated after say 30 hours, how are experiments like Carr’s 72 hour 
cycle, and its repetition reported above, to be accounted for? A stage of 
indifference before the next light stimulus — dark rigor — would then be 
reached after 30 hours, and beginning from the middle of the second scoto- 
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phile phase any light break would merely initiate another endogenous oscilla- 
tion and could only be unfavourable if so near to the next main light period 
as to make that fall into a scotophile phase. Instead of » proving» Bünning's 
hypothesis this experiment would already be difficult to reconcile with it, 
though one might assume that in Kalanchoe the endogenous rhythm is not 
extinguished as rapidly as in soybean and may extend for more than 30 hours. 
Experiments with yet longer dark periods than 60 hours would then be needed 
to test the applicability of this subsidiary hypothesis of dark rigor, but the 
longer the interval before dark rigor sets in the more difficult would it be 
to use this concept to explain adaptation to cycles with more moderately long 
dark periods. 

The only way to account for adaptation — especially of course with 
regard to short cycles — would then be to make the length of the pendulum 
itself variable, but thereby the fixed periodic character of the rhythm would 
be abandoned. To say that the »length» of the pendulum has not been 
altered, but that its motion has been affected by the environment, e.g. 
arresting or accelerating it during each and every swing, would merely be 
making unverifiable assumptions since our only knowledge of the assumed 
fixed length of the pendulum is derived from its period. 

Bunning states that in relation to flowering it is necessary to study first 
what »endogenous» rhythm the plant may adopt in a particular set of 
circumstances, as in the soybean example given; the theory would not 
therefore help us to predict flowering behaviour without prior experimenta- 
tion. At best it would confirm a strong correlation between leaf movements 
(and presumably also flower movements as studied by Biinsow) and flower- 
ing, but this need have no greater significance than other similar correlations, 
such as those with leaf succulence in Kalanchoé, tuberization in the artichoke 
etc., and knowing one the other might be predicted. Any precise correlation 
between the processes underlying flower induction which so far are not 
open to direct observation and leaf movements which are directly observable 
would be of great value in the analysis of flowering phenomena but to be 
of general application an invariable correlation of this kind must be estab- 
lished. However, even this correlation does not seem to be too well established. 
The fact that conditions which would not lead to the elimination of photo- 
periodic responses can in fact easily upset the regularity of rhythmic leaf 
movements can be seen from Biinning’s own paper (1948), in which he 
remarks that in two of three greenhouses used for experiments on Maryland 
Mammoth Tobacco, because of shading and of insufficiently great tem- 
perature differences prevailing between day and night, the movements became 
irregular, (». . . die Bewegungen wurden uneinheitlich») His further discus- 
sion of results was then confined to those treatments giving the simple 
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correlative in the third house. Biinsow (1953b) also reports that flower 
movements in Kalanchoé can be made to follow an 8 hours light and 8 hours 
dark rhythm, and even one consisting of 6 hours each of light and dark, i.e. 
the endogenous rhythm will adapt itself to these regimes. Nonetheless there 
is no flowering of Kalanchoé in either of these two cycles (cf. also Schmitz, 
1951). Hence adaptation is possible, here at least, for but one of these two 
correlated characteristics! 

The intervention of an endogenous rhythm which is itself regulated by the 
environment and in its turn controls flowering therefore amounts to an un- 
necessary postulate and direct action of light and dark stimuli on the system 
leading to flowering provides a simpler hypothesis. 

The recent observation of Gregory et al. (1954) that carbon dioxide fixation 
in the dark appears to be closely linked with photoperiodic responses allowed 
another factor showing maxima and minima to be examined for the per- 
sistence of its rhythm and it was shown that in either continuous light or 
dark a steady state is reached without any oscillation. 


In addition in Kalanchoé at least we have to consider the inhibitory effect 
of long days intercalated between favourable short days (Schwabe, in 
the press). These experiments demonstrate that the effects of individual 
»photoperiodic cycles» comprising one light and one dark period do not 
merely depend on the conditions prevailing within that cycle but can be 
modified by the conditions in the preceding cycle. Such interactions would 
present even greater difficulties in any appeal to endogenous rhythms as an 
»explanation» of photoperiodic phenomena. 


It would seem then that with rhythmic changes of the environment we 
can induce rhythmic changes in leaf movements etc.; when continuous con- 
ditions are given, rigor (light or dark) will ensue, but before this sets in (i.e. 
before the »steady state» is reached) a number of oscillations — frequently 
with a period of 24 hours — will take place, much in the same way as for 
example geotropic and phototropic growth responses lead to overcompensation 
and oscillation, Oscillations of this kind, even though their period is deter- 
mined by internal rhythmic changes of metabolism in the absence of external 
stimuli, would not seem to »put our ideas of photoperiodism into a wider 
framework» for there is no substantial evidence that the internal rhythm 
represents the main controlling factor in photoperiodic responses; on the 
. other hand under special circumstances the rhythm might tip the balance in 
one or other direction in the same way as other internal factors do. 


In view of the present divergence of opinions on the endogenous character 


of alternations in the metabolism of plants and their relation to flowering 
behaviour, it would be of real value if the theory could be expounded in 
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more concrete terms, and especially if Professor Bunning would define the 
sort of experimental result which he would regard as incompatible with it. 


Summary 


The effects of light breaks on the flowering of Kalanchoë Blossfeldiana 
when given at different times during the 60 hour dark period of a 72-hour 
cycle are described. This repetition of Carr’s experiment to test Biinning’s 
hypothesis of photoperiodism indicated that there was a significant reduction 
in flower numbers when the light breaks coincided with Bünning’s three 
scotophile phases, but the reduction during the second of these — though 
statistically significant — was only slight. Under the same conditions 
Xanthium pennsylvanicum flowered in all treatments. 

In another experiment carried out in Arctic Lappland three short-day 
species (Xanthium, Kalanchoë, and a short-day variety of Impatiens balsa- 
mina) were given photoperiodic cycles comprising nine factorial combinations 
of daylight and dark. The total cycle lengths of these combinations ranged 
from 15 to 50 hours and consisted of multiples of 5 hours to avoid coin- 
cidences with a 24-hour cycle. In this experiment flowering occurred in cycles 
whose lengths differed widely from 24 hours and (except where plants 
became rather etiolated and are therefore likely to have remained vegetative 
for this reason) failure to flower could be attributed either to the dark period 
being too short or (in Kalanchoë) to excessive length of the light period. 

The results are discussed critically ın relation to Bünning’s hypothesis of 
endogenous diurnal rhythms which, it ıs concluded cannot account for all 
photoperiodic responses. 

The author would like to thank Professor F. G. Gregorv and Dr. F. J. Richards 
for their lively interest in this work and for numerous valuable discussions and 
suggest ons in the preparation of this paper. He is indebted to ‘he Agricultural Re- 
search Council for a special grant in aid of the experiments carried out in Schwedish 
Lappland, and to the Royal Swedish Academy and Dr. G. Sandberg, Director of 


Abisko Naturvetenskapliga Station, for enabling him to carry out these experiments. 
He is grateful to Miss P. Smith for technical assistance wıth some of the experiments. 
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Cholodny (1936) was perhaps the first to claim that seeds treated with 
indolylacetic acid produced plants that yielded substantially more than plants 
from untreated seeds. Since then numerous attempts have been made to 
stimulate the growth and yield of plants by treating either seeds or growing 
plants with auxins. The literature on the 'hormonization’ of seeds has been 
exhaustively reviewed by Kruyt (1954) and that on treatment of growing 
plants by Pearse (1948). It appears that there is little unanimity of opinion 
about the beneficial effect of application of auxins on the growth of the whole 
plant. The interest of the writers in the study of this problem was, however, 
stimulated by the observation of Leopold and Thimann (1948) that low 
concentrations of auxins increased the number of flower primordia in Wintex 
barley when subjected to an appropriate photoperiod. The writers undertook 
this study with wheat in order to see if the increase in spikelet number, 
resulting from auxin application, also led to increase in grain yield. This paper 
describes the results of experiments carried out during five seasons. 


Experimental Procedure 


The plants were raised in earthen garden pots, each having capacity to hold about 
22 lb of air-dry soil. Seeds were sown on the 14th November in every season 
(optimum sowing time). Six uniform seedlings were ultimately retained per pot, 
there being five pots per each treatment. The soil was taken from a field lying 
fallow in the previous season and was well mixed with about 12 oz of well-rotted farm 
vard manure (per pot). A fortnight after sowing, two gm each of ammonium sul- 
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phate, superphosphate and potassium sulphate were added per pot. Another dose 
of 2 gm of ammonium sulphate was applied at the boot-leaf stage as it was found 
to improve growth. Farmyard manure and ammonium sulphate were omitted when 
relative nitrogen deficiency was included as a treatment. 

Auxin was infiltrated into the plant through cut leaf tip in the manner described 
by Leopold and Thimann (1948). In the first three seasons only this technique was 
adopted; in the fourth season spray application of auxin solution was also included 
and in the fifth season spraying alone was carried out. Water was applied as spray 
or through leaves to the controls. The cut leaf tips of the youngest mature leaves 
of two neighbouring plants were dipped into one c.c. solution. This quantity was 
absorbed by the two plants within about six weeks — a much longer time than that 
reported by Leopold and Thimann (1948) and Hussey and Gregory (1954). The treat- 
ments commenced about three weeks after sowing, the growing point at this stage 
having elongated prior to differentiation of double ridges. 15 c.c. of solution was 
applied as spray per pot, with a repetition a week later. In the fifth season a 
small scale field trial was also carried out. 

The pots were kept in the open throughout the season, exposed to the natural 
variations of day-length and temperature. The data were statistically examined by 
the analysis of variance. 


Experimental Results 


The results obtained in the first three seasons are summarised in table 1. 
In these experiments beta-indolylacetic acid (IAA) was used. Only in one 
season was the yield significantly increased, the effect being due to increase 
in ear number. Other characters were also favourably or unfavourably influ- 
enced in some seasons. In none of these seasons was the mean spikelet num- 
ber per plant increased; the spikelets of the main axis were, however, not 
counted separately. 


1952—53 Experiment 


In the 1952—53 season three other substances namely, alphanaphthalene 
acetic acid (NAA), beta-indolylbutyric acid (IBA) and triiodobenzoic acid 
(TIBA), besides IAA, were used. Only two varieties, N.P. 710 and Punjab 
C 228 were included in the experiment. Some of the treatments significantly 
increased grain yield, tiller production, ear number and leaf as well as spikelet 
number on the main shoot (tables 2 and 3). None of the treatments had any 
effect on grain number per ear, 1000-grain weight, mean spikelet number per 
plant and time of anthesis. The significant effects on yield and ear number 
are summarised in table 4, In N.P. 710, in 5 cases out of 11, the increase in 
grain yield was due to increase in ear number. Inspection of the data on grain 
number per ear and 1000-grain weight revealed that these two characters 
were favourably influenced under the other six treatments, although not sig- 
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Table 1. Effect of IAA during the first three seasons. 


Conc. - : ; 
Variety p.p.m. Tiller Ear Spikelet Grain Grain 
TAA Number Number Number Number ei ght yield 
ee ge en ee en ee eee eee 
Punjab 1949—50 
CBr aes ad ws: 10 0 st 0 0 0 ah 
yt Rol as 20 0 + 0 0 0 = 
DEAN «sue ose 10 a = 0 0 0 Ir 
+ ARE 20 0 0 0 0 0 0 
(No effect of 1 and 100 p.p.m. IAA.) 
Punjab 1950—51 
(PIE 10 0 0 0 — 0 ? 
aera’ Local. ...... 10 0 + 0 0 0 % 
(No effect of 200 p.p.m. IAA: no effect on varieties N.P. 52 & N.P. 710.) 
1951—52 
NI CELA RSR 20 u 0 0 0 0 0 
» 200 — 0 0 i= — 0 
INGE SOD nous 20 0 os 0 0 0 0 
BE er ea, 200 0 0 0 0 0 0 


(No effect on varieties Agra Local and Punjab C 228.) 


0— no effect; —— depression: + =increase. 
?=Plants damaged by hail before harvest; yield not recorded. 


nificantly, and thus their combined influence increased grain yield. In Punjab 
C 228, the increase in yield due to treatments was completely accounted for 
by increase in ear number. 


1953—54 Experiment 


In 1953—54, interaction of nitrogen supply and hormone spray on varieties, 
N.P. 710 and Punjab C 228, was studied. Only two substances, NAA and IAA, 
were used at two concentrations, 75 and 100 p.p.m. each. Differential nitrogen 
supply was obtained by omitting farmyard manure and ammonium sulphate; 
the deficiency of nitrogen was quite apparent from the usual symptoms and 
the low level of grain yield. The data for N.P. 710 are given in table 5 and 
for C 228 in table 6. It will be seen that only IAA at both concentrations signi- 
ficantly increased grain yield of N.P. 710 and tha: this increase was very 
largely due to increase in grain number per ear. It may be noted that the mean 
spikelet number per plant was not increased by any treatment. The interaction 
between nitrogen and auxin was significant in the case of grain number per 
ear, the latter being differentially influenced by NAA and IAA at the two levels 
of nitrogen. It is not possible to account for these differential effects. Both 
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Table 2. Effect of Auxins on N.P. 710 — 1952—53. 


Grain Spikelet Shoot Ear 
Auxin yield number Mh number number 
p-p-m. in gm/pot per ear per pot per pot 
Through leaf (Main axis only) 
10-T AA Eee 40.7 18.9 10.0 48.2 31.0 
ID ET one 43.0 18.8 10.31 47.8 31.6 
PIN CON er 39.4 19.2 10.11 47.2 29.0 
DOR I ete 42.4 19.2 10.41 47.0 29.8 
LO, NAA’ See 43.7 13.2 9.9 45.8 31.0 
LS WEN oe te 47.61 19.3 9.6 47.6 33.4 
20,17 Pie 45.31 19.5 10.31 54.2 31.6 
SÛR er 57.51 20.31 9.8 59.0 370! 
Spray 
(by MUNN Gonmonine 43.0 19.5 10.51 57.4 32.6 
100) 8. oo 47.01 19:81 10:7 63.21 35.4 
200 Wer ee 39.6 19.81 10.3! 62.41 31.4 
15 NAAR re 48.91 19.81 10.81 59.0 36.6! 
1002 Te 45.31 IG 10.51 58.2 35.2 
200) ER ER 41.0 19.5 10.61 52.4 33.4 
TOR BA RER 50.31 erie 10.81 59.41 35.61 
1002 Re 49.31 19.81 10.81 58.6 37.21 
2005. :3,.%.: area 38.5 19.81 10.51 51.4 29.2 
TOÉTIBAN ee 50.91 20.21 10.61 57.0 37.61 
I De Eee 49.01 19.81 10.41 55.8 34.6 
200) = oe 47.11 20.91 10.41 55.4 34.2 
Control Fresse 37.9 19.1 9.5 52.2 31.2 
SHOR (EPIC IE) PE fies. 0.5 0.5 6.9 4.2 


1 Values significantly greater than control. 


Table 3. Effect of Auxins on Punjab C 228 — 1952—53. 
Grain Spikelet Leaf Shoot Ear 
Auxin yield number number number 
: number 
p-p-m. in gm/pot per ear per pot per pot 
Through leaf (Main axis only) 
LO ALAA, nares 43.9 15.5 10.71 60.6 35.4 
NE er | 15.4 10.9! 56.2 30.8 
20T Ta SR DS 16.1 10.61 68.2 1 40.21 
SO er 54.91 15.8 10.7: 74.41 42.8 1 
10, NAAR rer 60.5 1 16.41 dia 70.81 42.61 
10 end 52.61 16.0 10.2 64.8 40.21 
DO Ferre 63.41 16.91 10,72 73.01 42.01 
SO MER Sante À 48.91 16.0 10.27 61.8 35.6 
Spray 
LOT LAD RR 42.9 15.7 10.91 63.4 35.4 
LOL. SE eae 39.7 15.7 10.31 59.2 32.4 
2007.27 RE 32.6 15.3 10.51 57.2 29.4 
TON AA pees oe 57.02 16.61 iN: 64.0 39.61 
LOO: ere meen 54.01 16.3 10 22 68.61 39.41 
200 HR use 40.6 16.0 10.41 58.2 34.4 
TO MESA eee eras 40.5 15.9 "1002 58.8 33.0 
LOO cent LS pas 40.1 15.9 10.21 52.2 31.8 
PAU NET ARS ee 36.7 15.8 10.31 51.2 29.2 
107 LIBA RR ee me OC 15.9 I 57.6 34.4 
100  » D apt OU À Is 15.7 10.31 52.4 32.0 
LOO Se Dome dre 36.0 15.9 10.21 53.8 31.6 
Gontrol MP era 15.6 9.6 56.8 30.0 
ED Di) are od 0.7 0.3 8.7 3.7) 


L 
' Values significantly greater than control. 
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Table 4. Summary of significant effects on yield and ear number (1952—53). 


: NEU 
Through Leaf Spray 
NAA NAA NAA IAA NAA NAA IBA IBA TIBA TIBA TIBA 
VD TM 0 Le 20 30 100 75 100 75 100 75 100 200 
Wield =... er + ca ar = ap ar + + + + 
Ars nee af A5 = ale a 
Punjab C 228 
Through Leaf Spray 
NAA NAA NAA NAA IAA IAA NAA NAA 
P-P-M. ....... 10 15 20 30 20 30 75 100 
le + An + 7 ate + u: -F 
Bars rate = + = + + + ot = 


Table 5. Effect of auxins and nitrogen on N.P. 710 — 1953—54. 


Mean grain 
yield in gm Control tee = de NAA 
per pot 7 5 100 p.p.m. 
NE eek eue de 26.3 34.8 31.9 29.3 29.6 30.4 
NE SRE 37.4 54.8 67.5 37.8 45.7 48.6 
31.9 44.8 49.7 33.6 37.7 


(Mean effects of nitrogen and auxins significant. S.D. (5 °/o P) for nitrogen, 7.9; for 
auxins, 12.5.) 


Bo fs Control IAA IAA NAA NAA 
s 75 100 75 100 p.p.m. 
per ear 
pe ue 28.2 34.6 32.0 32.3 31.6 31.8 
er Br. 33.0 39.2 411 34.5 36.7 371 
30.6 36.9 36.6 33.7 34.2 


(Mean effects of nitrogen, auxins and interaction significant. S.D. (5 °/o P) for nitrogen, 
1.3; for auxins, 2.2; for interaction, 2.9.) 


Mean 1000 Control IAA IAA NAA NAA 
per 75 100 75 100 p.p.m. 
in gm. 
En 34.2 35.7 35.4 37.7 35.3 35.7 
ee 38.6 40.5 41.9 34.7 38.3 38.8 
36.4 38.1 38.7 36.2 36.8 


(Mean effects of nitrogen and interaction significant. S.D. (5 °/o P) for nitrogen, 2.1; 
for interaction, 4.7.) 


Mean ear Control IAA [TAA NAA NAA 
ap 75 100 75 100 p.p.m. 
SR cer Den 07.0 26.4 25.0 22.6 24.8 25.1 
DEREN 29.2 33.8 39.0 29.6 31.4 32.6 
98.1 30.1 32.0 26.1 28.1 


(Mean effect of nitrogen significant. S.D. (5 % P) for nitrogen, 2.8.) 


1 N,, deficient in ,nitrogen; No, sufficient in nitrogen. 
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Table 6. Effect of auxins and nitrogen on Punjab C 228 — 1953—54. 


Mean grain Control IAA IAA NAA NAA 
yield in gm 75 100 75 100 p.p.m. 
per pot 
Nr 29.9 29.9 33.0 33.8 42.3 33.8 
Ne Men 48.6 51.8 51.2 53.1 63.4 53.7 
39.2 40.9 42.1 43.5 52.9 


(Mean effects of nitrogen and auxin significant. S.D. (5 %/o P) for nitrogen, 5.9: for 
auxin, 9.2.) 


Mean grain Control IAA IAA NAA NAA 
number 75 100 75 100 p.p.m. 
per ear 
Nie eee 28.8 32.4 32.5 29.8 30.9 30.8 
NO SA BE 35.7 32.2 31.3 34.7 34.7 33.8 
32.3 32.3 31.9 32.3 32.8 


(Mean effect of nitrogen significant. S.D. (5 °/o P), 1.5.) 


Control IAA IAA NAA NAA 
number 75 100 75 100 p.p.m. 
per pot 
Ni ee ee are 23.0 24.4 21.2 25.6 28.0 214 
NS. Sore Re 30.4 33.6 32.2 33.4 38.6 33.7 
26.7 29.0 26.7 29.5 32.3 


- 


(Mean effect of nitrogen significant. S.D. (5 °/o P), 4.2.) 


Mean 1000 


: : Control IAA IAA NAA NAA 
ee en 75 100 75 100 p.p.m. 
Me a 42.2 37.8 46.5 45.9 48.4 42 
NR. 45.3 48.8 45.3 475 479 46.8 
43.8 43.3 45.9 46.7 48.3 


(Mean effects of nitrogen, auxins and interaction significant. S.D. (5 % P) for ni- 
trogen, 1.8; for auxins, 4.1; for interaction, 4.3.) 


1 N,, deficient in nitrogen; No, sufficient in nitrogen. 


Table 7. Effect of auxin and nitrogen in the field — 1953—54. 


Mean grain yield in Ib per plot. 


N.P. 710 C 228 
Control Fm are Te 9.4 11:5 10.45 
NAA Mo. TE Ae 10.3 10.9 10.60 
Nitrogen 20 Ib/acre ..:..... 11.3 11.4 las 
NAAR STIR Og? CH Et TP 12.0 11.65 


10.7 11.45 
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the auxins generally increased the grain number at both levels of nitrogen. 
The interaction of nitrogen and auxins was also significant in the case of 
1000-grain weight, the latter being differentially influenced by NAA and IAA 
at the two nitrogen levels. 100 p.p.m. NAA alone increased the grain yield of 
C 228 significantly due to its favourable effect on 1000-grain weight. This 
character was significantly favoured by NAA at the low level of nitrogen, 
there being little effect at the higher level. 


Field Experiment of 1953 —54 


The interaction of nitrogen supply and auxin spray was studied on the 
varieties N.P. 710 and Punjab C 228. The experimental details are given 
below: 

Layout: Simple randomization with four replicates. 

Dimensions of single plot: 16 X14 (16 rows, each 14’ long, 200 plants per row). 
Date of sowing: November 11, 1953. 

Nitrogen application: Ammonium sulphate, 100 Ib/acre an 11th January, 1954. 
Spraying: NAA (75 p.p.m.) at the rate of 100 gallons/acre on December 9, 1953. 
Weeding: Twice on December 9, 1953 and January 11, 1954 respectively. 

The grain yield in lb per plot is given in table 7. Analysis of variance indi- 
cated that the mean grain yield of Punjab C 228 was superior to that of 
N.P. 710 and nitrogen increased the grain yield significantly. The effect of 
NAA on N.P. 710 was quite evident and in fact separate analysis of variance 
shewed it to be significant at 5 °/o probability. 


Discussion 


Sufficient experimental evidence has been presented to show that auxins 
like IAA and NAA stimulate the growth and yield of wheat. These auxins, 
when applied before the onset of the reproductive phase (as marked by the 
formation of double ridges), increased production as well as survival of tillers, 
number of leaves and spikelets on the shoot and even grain number and size. 
One may perhaps expect these auxins to stimulate tillering and differentiation 
of leaves and spikelets on the main shoot, as these processes continued actively 
during and soon after their application. Their subsequent effect on grain 
setting and filling is, however, worthy of note. A similar late effect on flower 
primordia of soaking seeds in auxin solution, combined with appropriate 
temperature, has been found by Leopold and Guernsey (1953). 

The seasonal inconsistency of the effects of auxins is also worthy of note. 
We may consider the last two seasons in which some treatments were com- 
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mon, Variety C 228 consistently responded only to NAA in the two seasons, 
whereas N.P. 710 responded to NAA as well as IAA in the earlier season and 
to IAA only in the later. In 1952—53 NAA increased ear number in both the 
varieties, whereas in 1953—54 NAA and IAA increased grain number in 
N.P. 710 and NAA grain size in C 228. Inspection of the data on controls 
indicated that the 1953—54 season was more conducive to grain-filling. If 
so, it would follow that auxins only promote a trend in metabolism perhaps 
primarily imposed by weather conditions. Leopold and Guernsey (1953) have 
produced evidence on the interaction of auxin and temperature on the pro- 
duction of flower primordia in Wintex barley, teosinte, soybean, oats etc., 
(soaking of seeds only in auxin solution). They also found that the expression 
of the stimulative effect of auxins on flower number was modified by light 
intensity. Hussey and Gregory (1954) also did not find any stimulating effect 
of auxin on flower primordia of Wintex barley in two out of four experiments. 

The promotive effect of auxins on spikelet differentiation, as observed 
earlier by Leopold and Thimann (1948), was confirmed in the 1952—53 
experiment, there being an increase of 5 °/o only as against 40 °/o found by 
them and 10 to 15 °/o by Hussey and Gregory (1954). In the 1952—53 experi- 
ment, the spikelet number (mean of all ears) was not increased and also there 
was no effect on mean grain number. In the 1953—54 experiment, grain 
number per ear was increased by auxins, although the spikelet number was 
not; unfortunately the spikelets on the main axis were not counted separately. 

Leopold and Thimann (1949) pointed out that the formation of vegetative 
buds was not promoted by auxins; in contrast, our data indicate that auxins 
increased spikelet as well as leaf number on the main axis. 

TIBA also increased grain yield, ear number and leaf and spikelet number 
on the main axis in N.P, 710 in 1952—53. According to Leopold and Thimann 
(1949) agents like X-rays, TIBA and coumarin, which oppose the action of 
auxin, can promote the number of flower primordia in barley plants with 


a naturally high auxin content. The effect of TIBA on our plants cannot be 
interpreted on the assumption of naturally high auxin content, for, in that 
case NAA and IAA should have reduced the spikelet number on the main axis. 

There was no evidence of interaction of nitrogen and auxin on the grain 
yield. Under pot-culture (1953 


54), nitrogen and auxin increased yield more 
or less equally, whereas in the field the effect of the latter was much smaller. 
Despite this not very encouraging result and similar experience of other 
workers, it is felt that in view of the interaction of auxin with a number of 
internal and external factors, further investigation might yet reveal means for 
ensuring economic and consistent returns from its application. 
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Summary 


The results of six experiments, carried out during five seasons, on the appli- 
cation of auxins (IAA and NAA) to wheat plants, through cut leaf tip or as 
spray, indicated that auxins increased production and survival of tillers, leaf 
and spikelet number on the main shoot, grain number and size and yield. 

The effect of auxins on ear number and grain number and size varied with 
season, the three characters being not favoured together in the same season. 
Apparently weather conditions modified the response to auxins. 

The increase in grain number per ear (mean of all ears) was independent 
of spikelet number. Auxins increased spikelet as well as leaf number on the 
main axis only. 

Since auxins were applied just before the initiation of ‘double ridges’ on the 
main axis, it is noteworthy that their influence was exerted on late events 
such as setting and filling of grains. 

There was no interaction of nitrogen and auxin on grain yield. In pot- 
culture, both increased yield equally but in the field the effect of the latter 
was much smaller. In view of the interference with the action of auxin by 
several factors, it is considered worthwhile to experiment further on the 
possibilities of its application. 

The authors have the pleasure of thanking Dr. B. P. Pal, Director of the Institute, 


and Dr. S. M. Sikka, Head of the Division, for their interest and encouragement in 
the prosecution of this investigation. 
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Amylose has been described as a linear polysaccharide, the theory being 
that the glucose residues comprising it are linked in a long continuous chain 
of alpha 1:4 linkages. Studies have recently indicated that while the term 
»linear» may be applied to maltodextrins up to and including maltopentaose, 
to describe maltohexaose and polymers containing six or more glucose resi- 
dues in alpha 1:4 linkages by the same term, may be erroneous (1) (2). 

If the homologous series of glucose polymers: maltose, maltotriose, malto- 
tetraose, maltopentaose, maltohexaose and maltoheptaose, is subjected to 
partition chromatography, it is found that a regular, definite increment in 
R; values exists from maltose through maltopentaose, but, that the R; value 
for maltohexaose does not fall within the limits of this relationship (1) (3). 
Since there appears to be a direct relationship between the R; value and the 
number of carbon atoms in a member of a homologous series (4), a differ- 
ence in R; value reflects differences of structure in a member. Then, obviously, 
maltopentaose and maltohexaose must differ in more than the presence of an 
extra glucose residue in maltohexaose, as is evident by quantitative analysis. 
A configurational difference between the two maltodextrins of this homo- 
logous series, must exist. 

Further evidence of this structural difference is obtained by studies of the 
mode of action of branching enzyme. This enzyme adds glucose residues in 
an alpha 1:6 linkage to a polymer containing residues in alpha 1:4 link- 
ages (1) (3) (5). 
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2 
Figure 1. Proposed structure for poly- 
glucosides. The helical molecule is 
shown in */, view. The glucose residues  ; 
are numbered. The fifth glucose residue 
is exaggerated in each case to indicate 6 
its reactiveness. Note that the front 
view is that of a hexagon (See text). 


Branching enzyme branches malthohexaose, maltoheptäose, »linear» dex- 
trins of 28 residues (6), 42 residues (7), and of course, amylose (8). However, 
maltopentaose and lower maltodextrins are not branched by the enzyme (1). 
In other words, there must be at least six glucose residues linked in an alpha 
1:4 linkage for branching enzyme to utilize the dextrin for branching. 

In the case of maltohexaose and maltoheptaose, the enzyme attaches an 
alpha 1:6-linked glucose residue only to the fifth residue of the chain (1). 
The indication is that the fifth residue in these two polymers is spatially 
different from the same residue in maltopentaose. From this evidence, the 
possibility suggested itself that the difference between maltopentaose and 
maltohexaose was one entirely of spatial arrangement. The configuration 
which fitted the experimental data best was that of a primary helix (1). 

The figure shows a side view of such a structure. It will be seen that a 
front view of the structure would present a hexagonal pattern, not unsimilar 
to the ring configuration of glucose. There is much evidence for the presence 
of a six-unit basic structure, or multiple thereof (9) (10) (11). 

It will be noted that all the apparently »reactive» molecules (the fifth mol- 
ecules), in such a helical structure, would be in fairly close proximity to each 
other. This would be more compatible from the standpoint of enzyme action. 
In a chain-like straight polymer, the distance between each fifth residue 
would be much greater than in a helix. 

The helical structure of amylose-iodine complex has been ventured to 
explain that color reaction (12) (13). Such a structure as basic for all poly- 
glucosides has never been proposed, however. 

In general, it can be stated that maltodextrins containing five or less 
glucose residues exist spatially, in a straight line, while those containing six 
or more residues tend to form a hexagonal-like helix. Maltopentaose, having 
only five glucose residues exists then, as a straight-chain polymer. The fifth 
residue is not reactive in this configuration, and hence, this polymer is not 
branched by branching enzyme. 

Such a proposed structure as basic for all polyglucosides, brings up many 
interesting possibilities as far as enzyme action is involved. 
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For example, after exhaustive phosphorylase action on branched poly- 
saccharides such as glycogen and amylopectin, a limit dextrin remains which 
contains six residues in an alpha 1:4 position and one residue in an alpha 
1:6 position (14); the branch point is approximately at the fifth alpha 1:4 
residue. Now, if the original »linear» polymer which was utilized by branch- 
ing enzyme, were really a helix, then the severence of linkages at the same 
approximate points on the structure by the phosphorylase, would yield a 
simultaneous series of these same limit dextrins. 


The author is indebted to J. Sheridan Mayer for his aid in construction of the 
figure showing the helix of polyglucosides, and to Dr. Richard Klein, Bronx Botanical 
Garden Laboratories, for his helpful criticism. 
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Introduction 


It has now been established that indoleacetic acid (IAA) or compounds with similar 
biological activity are required by green plants for a number of morphogenetic and 
metabolic activities. IAA is actively associated with the growth of green flagellates 
(13), algae (7, 12), bryophytes (21, 29), pteridophytes (16, 28) and most of the 
seed plants. A requirement for IAA in normal growth behavior of non-chlorophyllous 
plants, however, has not been extensively demonstrated. Ball (3) and Beckwith and 
Geary (4) found that the growth of Escherichia coli and Eberthella typhosa was 
stimulated by low concentrations of IAA. Only four cases of positive effects of IAA 
on fungi have come to our attention. Anker (1) reported that the oxidation of 
glucose by Saccharomyces cerevisiae was accelerated in the presence of IAA; Fraser 
(14) found that it increased the growth rate of Agaricus; Nysterakis (23) demon- 
strated a large growth response of a strain of Neurospora tetrasperma to IAA; and 
Waygood, Mosie, and Kapica (26) recently reported that Cladosporium herbarum, 
grown on a pectin substrate, was stimulated by IAA, presumably by inducing the 
synthesis of pectin methyl esterase. For the most part. however, the addition of 
IAA or other growth substances to cultures of fungi failed to elicite any positive 
growth response and was usually inhibitory even in relatively low concentrations 
(E18, 24): 

Despite these negative findings, certain reports strongly suggest that IAA may 
be of general importance in the economy of fungi. Its synthesis by fungi has been 
known for many years (5, 6, 22), and Dolk and Thimann (11) isolated and erystal- 


1 Public Health Service Research Fellow of the National Cancer Institute. 
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lized IAA from the culture liquids of Rhizopus suinus prior to its isolation from 
higher plants. If IAA were biologically inactive in fungi (27), enzymes necessary for 
its degradation would not be expected, but IAA-oxidase has been reported (25). 


The consistent failure to obtain direct evidence for the metabolie partici- 
pation of IAA led us to postulate that many fungi are normally autotrophic 
for this compound, synthesizing just those concentrations required for nor- 
mal growth behavior. Under these conditions, experiments based on the hope 
that supplements of IAA might stimulate growth were unlikely to succeed 
since even small additions might be sufficient to raise the total IAA concen- 
tration to levels where toxic effects are evident. Very low concentrations of 
IAA would, similarly, be ineffective in inducing any measurable response. 
To establish an etiological role for IAA in the growth of fungi, a new experi- 
mental approach was needed and the experiments of McRae and Bonner (19), 
in which diortho substituted phenoxyacetic acids competitively and rever- 
sibly inhibited the action of IAA in Avena coleoptiles, provided such an app- 
roach. The present paper reports the results of growth studies on a strain 
of Diplodia in the presence of 2,4,6 trichlorophenoxyacetic acid (TCPA) or 
IAA and combinations of these two compounds. Following the rationale of 
Woolley (30) for elucidation of metabolic problems by the use of specific 
antimetabolites, the results reported here may be interpreted as providing 
presumptive evidence for a metabolic role for IAA in the growth of this 
fungus. 


Materials and Methods 


An isolate of Diplodia ! (USDA strain 4725), obtained from Dr. G. B. Ramsey, 
U.S.D.A. Division of Handling, Transportation and Storage, Chicago, Illinois, was 
grown in Petri dishes on the following medium: asparagine, 2.0 gm; K,HPO,, 1.0 gm; 
MgSO,-7H,0, 1.0 gm; Hoagland’s microelement supplement, 1.0 ml; glucose, 20 gm; 
agar, 20 gm; water to 1 liter, pH 7.0. Plugs were cut out with a cork borer (7 mm. 
dia.) from the advancing edge of the mycelium and were used to inoculate a liquid 
medium which had the same composition as above lacking agar only. All cultures 
were grown in 50 ml of this medium in 250 ml erlenmeyer flasks and were incubated 
at 26°C. 

In every experiment, 5 replicates of each variable were set up. At the end of a 
7 day growth period, mycelial mats were collected on filter paper and dried to 
contant weight at 80°C, IAA was determined by the procedure of Gordon and Weber 
(15); TCPA did not interfere with these analyses. 

Analyses of variance of the data were carried out as described in Cochran and Cox 
(10) for a 4X4X5 factorial experiment in completely randomized design. The least 
significant difference (LSD) between means was calculated by use of the t test, 
using the formula: LSD (se 


‘ This isolate has been identified as Diplodia natalensis Pole-Evans. (Phytopath. 4: 
471. 1954). | | 
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where: 


nen 

2 AUS 

SY = EURER = 
r 


All conclusions are based on differences significant at the 1 °/o level. 


Results and Discussion 


Diplodia grew very uniformly in synthetic medium and synthesized IAA 
both in the presence and absence of tryptophane (Table 1). In the medium 
containing 5X10~* M I-tryptophane the final IAA concentration reached 
4X10 5 M in a week, a concentration which suppressed the growth about 
25 per cent. Even in the absence of this IAA precursor, the final IAA concen- 
tration approached 2.8X 107% M. It was observed that inhibitions of growth 
were apparent only after the fifth day of culture, at the time when the IAA 
increased to toxic levels. 

If IAA, synthesized by the fungus in the presence of tryptophane, reaches a 
level which inhibits growth, addition of a specific antimetabolite should 
prevent this inhibition. Higher concentrations of the antimetabolite should 
be inhibitory. This line of reasoning has been used to advantage in studies 
on the IAA metabolism of roots by Burström (8). Diplodia cultures, grown 
in media with and without tryptophane, were supplemented with a wide 
range of concentrations of TCPA. In the presence of tryptophane (1107? M), 
concentrations of 10° M and 10-1° M TCPA significantly increased the 
growth of the cultures (Figure 1). TCPA at 10-* M and 10 5 M was, as 
expected, inhibitory, and intermediate concentrations were without significant 
effect on growth. When no IAA precursor was present (Table 2), TCPA did 
not significantly stimulate growth and concentrations as high as 1076 M 
TCPA were significantly inhibitory. The failure of TCPA to stimulate growth 
suggests that in these cultures the level of IAA was optimal for growth. The 
significant inhibition of these cultures by a lower concentration of TCPA 
than that which inhibited the cultures supplemented with tryptophane tends 


Table 1. Effect of L-tryptophane on growth and IAA synthesis in Diplodia. 


Tryptophane (M X 10?) | 


0.0 1.0 2.5 5.0 
PN Dry, Weight] aaa | 1132 970 | 945 850 
RU Em | 0.48 | 300 | 1.34 7.00 


1 Dry weight of mycelia in 500 ml medium. 
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Figure 1. Effect of various 
concentrations of 2,4,6-tri- 
chlorophenoxyacetic acid on 
the growth of Diplodia grown 
in a medium containing 1X 
10—* M L-tryptophane. 
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to strengthen this concept. Higher levels of TCPA apparently are required 
to affect growth when IAA is present in larger quantities. The absolute diffe- 
rences between the control cultures in each of the two series are of interest. 
Excessive levels of IAA derived from tryptophane suppressed the growth of 
the cultures independent of TCPA. This suppression could, however, be 
relieved by the addition of 101° M TCPA, a concentration which apparently 
was sufficient to balance out the excess IAA present in the cultures. These 
results demonstrate that TCPA is effective in preventing the deleterious effects 
of supraoptimal concentrations of IAA and also show that TCPA alone can 
inhibit the growth of Diplodia. 

On the possibility that TCPA acted by suppressing the synthesis of IAA, 
analyses for IAA of culture filtrates containing TCPA were performed. No 
significant differences in IAA concentrations were found in the presence of 
all tested concentrations of TCPA indicating that the TCPA inhibitions of 
growth were not at the level of IAA biosynthesis. 


Table 2. Effect of TCPA on growth of Diplodia cultures in the absence of tryptophane. 


TCPA (M) | Dry Wt. (mg)! % Control | 
N 193 100 
10-10 201 104 
10-9 182 95 
10-8 183 95 
10-7 178 92 
10-6 158 82 
10-5 141 73 


iu 139 72 
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Table 3. Effect of IAA and TCPA on the growth of Diplodia. Each figure represents the 
mean dry weight (mg.) of five cultures for each treatment. 

ER ee 

TCPA (MX 10-3) | se | 


0.0 | 1.0 | 10.0 br» 500 

| 
0.0 | 1992 | 174.4 1594 | 146.0 
1.0 | 133.2 | 183.6 157.6 136.6 
5.0 | 127.0 147.8 153.6 116.7 
10.0 107.8 119.0 1220 | 107.5 


1 LSD (1 %)=15.1 mg. 


To complete the demonstration that IAA is, in fact, required by Diplodia for 
normal growth behavior and that TCPA acts as a specific antimetabolite for 
the proper utilization of IAA, attempts were made to reverse the inhibitions 
induced by either of these compounds by the addition of the other. The 
analysis of experiments of this type, in which both metabolite and antimeta- 
bolite are independently toxic, is more difficult than for those in which 
growth can be made dependent on the exogenous supply of the metabolite 
such as IAA for cell elongation of Avena coleoptiles and the need for succinate 
in cytochrome c oxidations in vitro. To demonstrate a metabolite—antimeta- 
bolite relationship with IAA and TCPA, one should be able to show not only 
that the addition of the metabolite can reverse the growth inhibitions induced 
by the antimetabolite, but also that the inhibitions induced by the normal 
compound can be reversed by the antimetabolite. According to Audus (2), 
such data are not amenable to kinetic analysis of the classic Lineweaver-Burk 
type as applied by McRae and Bonner (20) to the TCPA—IAA interaction in 
tissues which do not synthesize IAA. 

Metabolite 
control medium and medium supplemented with 110-3 M tryptophane. 
Three concentrations each of JAA and TCPA, determined by preliminary 
experiments to give good inhibitions, were used in all combinations. In the 
iryptophane series, the concentrations of TCPA were increased so as to obtain 
antimetabolite levels high enough to induce significant inhibition. 

The control cultures grown in the normal and tryptophane-supplemented 
media averaged 199.2 mg dry weight (Table 3) and 125.6 mg dry weight 
(Table 4), respectively. Again, the presence of excess IAA arising from trypto- 
phane was sufficient to depress the growth of the fungus. Several points are 
immediately apparent, IAA inhibited the growth of Diplodia, the absolute 
inhibition being greater in the presence than in the absence of tryptophane. 
This finding is in agreement with those of other workers that supplements 
of IAA are toxic. TCPA is also independently inhibitory. 


antimetabolite interaction experiments were set up using both 
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Table 4. Effect of IAA and TCPA on the growth of Diplodia. Medium contained 1 X10—# 
M L-tryptophane. Each figure represents the mean dry weight (mg.) of five cultures for 
each treatment.! 


| IAA (MX 10-5) 

| TCPA (MX 10-3) 

| 0.0 | 1.0 | 10.0 | 50.0 

| 0.0 125.6 108.0 82.3 | 74.0 

| 5.0 103.8 121.0 92.4 91.2 

10.0 70.2 $3.2 72.0 68.6 
50.0 50.2 52.2 107.0 | 94.6 


1 LSD (19/0) =27.8 mg. 


In the series of cultures grown without added tryptophane (Table 3), 1.0 
and 10.0X10-5 M IAA reversed the inhibitions induced by 1.0 and 5.0xX 10° 
M TCPA. At the lower concentration of TCPA, 1.00X10 5 M IAA was more 
effective in reversing the inhibition than 10.0X10% M IAA. At the higher 
concentration of TCPA, the reverse was true. Apparently the addition of IAA 
above the quantity necessary to reverse the TCPA inhibition results in a toxic 
effect. The inhibition of growth induced by 10.0X 1075 M TCPA could not 
be reversed with the concentrations of IAA used. Also, growth inhibition 
induced by IAA could in no case be reversed by TCPA in our experiments. 

There were significant changes in the series in which the medium contained 
103 M tryptophane (Table 4). A concentration of 5X10~° M TCPA, which 
was previously severely inhibitory, failed to inhibit growth, presumably due 
to the increased quantity of IAA present in the medium from the conversion 
of tryptophane. For the same reason, the same concentrations of IAA as used 
in the previous series had a more marked inhibitory effect. In this series, the 
inhibition induced by 50.0X10—° M TCPA was reversed by 10.0 and 50.0 
10 5 M IAA. Again the inhibitions induced by IAA could not be reversed 
by TCPA. 

The data presented here show that IAA and TCPA are independently inhi- 
bitory in the growth of Diplodia. The former finding may be explained by the 
assumption that the exogenous supply of IAA was sufficient to raise the level 
of this compound to a toxic value. This assumption is in accord with the 
hypothesis of a two-point attachment of the IAA molecule to a receptor site 
and the suggestion that an antiauxin acts by blocking the complete attachment 
of the [AA to these sites (20). McRae and Bonner (20) and Ingestad (17) have 
developed complete mathematical expressions of these hypotheses. 

We have shown that the inhibition induced by one substance (TCPA) could 
be reversed by another substance (IAA) which is itself independently inhibi- 
tory. On the other hand, the inhibition induced by IAA could not be reversed 
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by TCPA in the concentrations used. If IAA and TCPA are competing for a 
single locus required for growth (whether the locus possesses one, two or more 
obligatory sites of attachment for activity), and the relative affinities of the 
IAA and TCPA molecules for this locus are different, i.e, Km of IAA>Km 
of TCPA (20), it is manifestly impossible for TCPA, in concentrations less 
than those of IAA, to prevent an inhibition of growth by an excess of IAA. 

On the basis of the work of McRae and Bonner (20), it is assumed that 
the affinity of IAA for the »sites of activity» on their hypothetical growth 
enzyme is much greater (1—2 orders of magnitude) than the affinity of TCPA 
for the same sites. Thus, IAA would tend to remain on these sites until the 
concentration of TCPA was overwhelming (at least 50—100 times as great 
as IAA). The chance of achieving this situation experimentally is low, parti- 
cularly since the solubilities of the substances differ and we know nothing 
of the relative concentrations of the materials at the active site. On the other 
hand, the reversal of the TCPA inhibition should, and did, occur in our 
experiments, since IAA will tend to replace TCPA at these sites due to its 
relatively greater affinity. Here then is a reason for the failure to reverse the 
IAA inhibition. However, when a range of TCPA concentrations was tested 
in the presence of tryptophane, the tryptophane inhibition (as compared with 
control medium) was relieved. In this instance one can assume that the trypto- 
phane inhibition was due to excess IAA synthesized within the cell at or near 
the loci of attachment of the newly formed IAA. 

While these experiments do not invalidate the hypotheses of McRae and 
Bonner, they cannot be said to support them. Whether they can be rationa- 
lized into a scheme in which a »growth enzyme» with IAA as a cofactor is 
the key is doubtful (2, 17). Only additional studies on the problem, with 
special attention paid to the relative penetrations of these materials into the 
cell and the nature of the locus of attachment, can answer these questions. 


Summary 


Cultures of Diplodia were grown in synthetic liquid media containing 
various concentrations of indoleacetic acid and an antimetabolite for IAA, 
2,4,6 trichlorophenoxyacetic acid. Each of these substances was independently 
inhibitory for growth but, in certain combinations, the inhibitory effects of 
TCPA were reversed partially or wholly by IAA. 

Our results indicate that IAA, for which this fungus is autotrophic, pre- 
sumably is required for growth and is unlikely to be a functionally neutral, 
metabolic end-product. The results show that the endogenous IAA concentra- 
tions in the cultures are close to those required for optimal growth and that 
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their biosynthesis is carefully regulated. The TCPA does not interfere with 
growth by affecting the biosynthesis of IAA but may act as an inhibitor of 
its action. The implications of these findings are discussed. 
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It is well-known that the flowering response of both ’short-day’ and ‘long- 
day’ herbaceous species is governed by the day-length conditions to which 
the mature leaves are exposed, and that the meristematic tissue of the shoot 
apex is insensitive. It has been shown for certain woody species, however, 
that direct photoperiodic perception may occur in the meristematic tissue of 
both dormant resting-buds and actively-growing apices, in relation to dor- 
mancy phenomena. Thus, the unchilled resting-buds of dormant, leafless 
seedlings of various woody species may be induced to expand by exposure to 
long-day conditions (Olmsted, 1951; van der Veen, 1951; Wareing, 1953). 
Similarly, actively-growing, leafy seedlings of Betula pubescens may be indu- 
ced to form resting-buds by direct exposure of the apical region of the shoots 
to short-day conditions, regardless of the conditions of day-length under 
which the mature leaves are maintained (Wareing, 1954). These observations 
suggested that possibly the embryos of such woody species might show photo- 
periodic effects in relation to dormancy, and experiments were carried out 
to investigate this possibility. Seeds of birch (Betula pubescens) were selected 
for this purpose, since they are small and have a relatively translucent peri- 
carp, so that a high proportion of the incident light must reach the embryo. 


A preliminary report of this investigation has already been published (Black 
and Wareing, 1954). 


[300] 
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Experimental 


General technique 


The birch seeds used were derived from open-pollinated trees growing in Southern 
England (supplied by courtesy of the British Forestry Commission) and were stored 
at room temperature. 

To test the effect of a particular treatment, seeds were sown on filter paper 
moistened with distilled water, and the germination percentage was determined at the 
end of the experimental treatment. Since a large proportion of the seeds do not 
contain embryos, there were no advantages in planting a constant number for each 
treatment. For this reason, and since the seeds are quite small (about 2 mms. long), 
approximately 300 were planted in each dish, and at the end of the treatment 
the number of fertile seeds which had not germinated were determined by dissection. 
For most treatments the total number of fertile seeds was found to be approximately 
100, but in no case was.this number less than 80. 

Most of the experiments were carried out using 'monochromatic’ red light falling 
within the range 5800 Ä— 7000 À, obtained from red fluorescent tubes in conjunction 
with red »Perspex» filters (R. 400). In all experiments, except when stated otherwise, 
the intensity at the level of the seeds was approximately 1000 ergs/cm?/sec. Two 
cabinets containing these tubes were specially constructed. These were situated in a 
cold room (temperature 5°C) and the temperature in each cabinet was thermostatic- 
ally controlled at 15° or 20°C. 

Infra-red light was obtained from a 160-watt tungsten filament lamp with an 
infra-red gelatine filter (Ilford’ No. 207) transmitting the wavelengths from 7300 À. 
The filters were used in conjunction with water screens of approximately 9.5 cms. 
thickness which effectively cut off the radiation beyond 10,000 A. 

In the case of the red light the intensity was measured by a barrier-layer photocell 
which had been calibrated in absolute energy units against a thermopile. The infra- 
red radiation was measured by means of a photocell (G.E.C. type C.M.V. 6) having 
a caesium-silver oxide cathode. The initial calibration of both photocells was carried 
out for the particular light sources used in the experiment. 


The Influence of Daylength 


Preliminary tests showed that the unchilled seeds will not germinate on 
moist filter-paper in complete darkness at room temperature, but will do so 
if exposed to continuous illumination at 45 foot-candles from a 100-watt 
tungsten filament lamp. They are thus light-requiring seeds. The following 
experiments were then carried out to determine the effect on germination of 
exposing the seeds to various lengths of photoperiod. 

The experiments were carried out in the growth cabinets at a controlled tempera- 
ture of 15°C, using red light at 1000 ergs/cm?/sec. After the exposure to the required 
daily photoperiod the seeds were placed in the dark in light-proof boxes, under the 
same temperature conditions, for the remainder of the 24-hour cycle. 


Eight different durations of photoperiod were used, namely, 2, 4, 8, 12, 16 and 
90 hours. In addition, one dish of seeds was kept in darkness throughout, and another 
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Figure 1. Daily germination of seeds 
under long-day and short-day con- 
ditions. 
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subjected to continuous illumination. The final percentage germination was deter- 
mined only when there was no further increase in the number of germinated seeds.- 
This was after 14 days. (See, for example, Figure 1). 


The results of the treatments are shown in Figure 2. The difference in res- 
ponse of unchilled seed to ‘long’- and ‘short days’ has been confirmed many 
times, from observations on ‘controls’ used in other experiments. In all cases, 
a low germination figure (of the order of 30 per cent) results when seeds are 
given ‘short days’ and a higher percentage germination is obtained under 
‘long days’. 

It can be seen from Figure 2 that there is no ‘critical’ daylength for the 
breaking of dormancy of these seeds. As the length of the photoperiod is 
increased there is a corresponding increase in the percentage of seeds which 
germinate. However, there is nothing to suggest that the total duration of illu- 
mination to which the seeds are exposed is the factor controlling the final 
germination percentage, for in the case of the seed exposed to short photo- 
periods no further germination is obtained after 10 days, even if the treatment 
is continued, (Figure 1). Thus it is apparent that the total light-exposure is 
not the factor which brings about the germination of birch seeds. Further 
experiments (pp. 304—6) have confirmed this conclusion. 


Effect of temperature on photoperiodic response 


In the course of one experiment it was found that the ’control’ seeds 
exposed to 8-hour photoperiods gave a much higher germination than ex- 
pected, of the order of 90 per cent. On investigation it was decided that the 
only new factor, compared with those experiments which gave low percent- 
ages with short days, was the temperature, which was higher (approximately 
20° €) than in earlier experiments. Further experiments were therefore 
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designed, with the purpose of determining what influence the temperature 
has on photoperiodic response. 

Four batches of unchilled seeds were sown. At controlled temperatures 
of 15° C and 20° C, seeds were exposed to 8-hour and 20-hour daily photo- 
periods, respectively. The germination obtained from each treatment is shown 
in Table 1. 

It is seen that a ‘photoperiodic’ response is obtained only at the lower 
temperature. At the higher temperature a high percentage germination is 
obtained with both long and short photoperiods. 


Radiation-intensity requirements 


The following experiment was carried out to determine the radiation inten- 
sities required for the photoperiodic promotion of germination at 15° C. Seeds 
were maintained under 8-hour and 20-hour daily photoperiods at three dif- 
ferent intensities viz. 250, 700 and 1400 ergs/cm?/sec. Each treatment was 
continued for 10 cycles at 15° C, after which the seeds were stored in the dark 
at the same temperature. The results are shown in Table 2. Germination 
percentages of the same order were obtained with all of the three intensities 
used, It is thus evident that an intensity of even 250 ergs/cm?/sec. is above 
the ‘saturation’ value, and that with the intensity of 1000 ergs/cm?/sec. used 


Table 1. The effect of temperature on photoperiodic response. 


| | 
Photoperiod | 15° C | 20° C 
| | 
| 8 hours ......... | 34.3 % | 93,2 % 
| 20 hours ........| 90.0% | 93.0°% 
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Table 2. Effect of radiation-intensity on germination. Temperature: 15° C. 
N  ———— 


Intensity (ergs/em?/sec) | 8 hour photoperiods 20 hour photoperiods 
RE ns ne 18 ent ET SEE ut. I Te — 
250 | 23.3 % | 85.0 % 
700 | 26.4% | 85.2 % 
1400 | 26.1 % 72.7 % 


in most of the experiments, the total quantity of light (time Xintensity) was 
not the factor limiting germination under short day conditions. 

In further experiments, carried out with single light-exposures at 20> Gait 
was found that an intensity of 60 ergs/cm?/sec. may produce as high a germi- 
nation percentage as one of 2500 ergs/cm?/sec., provided that the light-expo- 
sure exceeds 1 hour’s duration. 


Summation effects 


The following experiment was carried out to determine the number of 
cycles required to give maximum germination under both long and short 
photoperiods. 

Seeds were exposed to a number of daily 8-hour and 20-hour photoperiods 
at 15° C after which they were stored in the dark at 15° C. With both the 
long and the short photoperiods a number of cycles from 1—10 were used. 
After storage in the dark for 12 days the germination percentages were deter- 
mined and are shown in Table 3. 

It is seen that eight cycles are sufficient to give the maximum germination 
percentage under both long and short days. 


Relative roles of the light and dark periods in the photoperiodic 
promotion of germination. 


In the case of herbaceous species it has been established that the flowering 
response of both ‘long-day’ and ‘short-day’ species is determined by the 
absolute lengths of the dark period and, also, in some species, of the light 


Table 3. Percentage germination resulting from varying number of cycles. 


un nn, 
mm eee 


Duration of | Number of cycles 
hotoperiod | Teta Ral 5 er = me 
Pt males or ES NET De 
81 5 | ~— | | € | = DRE ‘ 
ONCE | 0 8.9 15.4 19.0 109275 33.0 83.7 | 32.0 
20 hours.......| 2.0 | 18.8 | 20.0 | 40.2 Be) | 80.5 | 87.6 | 89.1 | 88.6 
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period, e.g. Biloxi soybean (Hamner, 1940). Similarly, in the photoperiodic 
control of seed germination the problem which arises is whether, with ’short- 
days’, low germination percentages are obtained because the light period is 
too short or because the dark period is excessively long. Similarly, under ’long- 
day’ conditions the greater germination may be determined either by the 
length of the photoperiod or by the shortness of the dark periods. The 
experiments described below were designed to investigate these problems. 

Experiment 1. In this experiment constant light periods of 8 hours and 
20 hours respectively, were used in conjunction with various lengths of dark 
period, so that 9 different treatments were given for each photoperiod, at a 
temperature of 15° C. Eight cycles of light and dark were used for each 
treatment, so that for each duration of photoperiod the total light exposure 
was the same. Following the eight cycles of treatment, the seeds were stored 
in the dark at 15° C for two weeks, after which time the germination percent- 
ages were obtained. These are presented in Figure 3. 

This experiment clearly shows that the absolute length of the dark period 
plays a determinative role, for with both 8-hour and 20-hour photoperiods 
there is a marked reduction in the percentage germination as the dark period 
is lengthened. Moreover, high germination percentages are obtained even with 
8-hour photoperiods, provided that the associated dark periods are short. 

Experiment 2. The effects of exposing seeds to different lengths of photo- 
period using dark periods of constant duration were studied in the following 
experiment. In the first part of the experiment a dark period of 4 hours was 
used in conjunction with different lengths of photoperiod, so that 7 treat- 
ments were obtained. After exposure to 9 inductive cycles the seeds were 
placed in dark storage. The temperature throughout the experiment was IK 
In the second part of the experiment a 20-hour dark period was associated 
with the photoperiods. In all other respects the treatment was the same as 
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with the 4 hour dark period. The results of this experiment are given in 
Figure 4. 

As would be expected from a consideration of the results of Experiment 1, 
seeds which are maintained in short dark periods, no matter what the length 
of the accompanying photoperiods, show high germination percentages. This 
is further evidence for the determinative role of the absolute length of the 
dark period. With a 20-hour dark period there is little germination when 
this is given in conjunction with short light periods. An increase in the length 
of the photoperiod, however, brings about a corresponding increase in the 
number of seeds which germinate. 


Effect of a’light-break’ given during the dark period 


It is well-known that in herbaceous species the flowering response is 
affected by the absolute length of the dark period, and that this response is 
markedly modified if the dark period is interrupted with a short period of 
illumination, It is therefore of considerable interest to investigate the effect 
of a ‘light-break’ during the dark period, on seed germination. The groups 
of seeds were exposed to the following light regimes at 15° C: — 


a) 6 hours light, alternating with 6 hours dark. 

b) 12 hours light, alternating with 12 hours dark. 

c) 12 hours light, alternating with 12 hours dark, with a 1-hour light 
break at full intensity (1000 ergs/cm?/sec) in the middle of the dark 
period, 


The exposures were continued for 9 days, after which time the seeds were 
maintained in the dark at the same temperature. The results obtained after 
12 days storage, are shown in Table 4, 

The light-break clearly has a stimulatory effect on germination. 
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Table 4. The effect of a ‘light-break' on germination. Temperature: 15° C. 
eee ees 


Treatment | 
nc ne | Percentage germination 
Light period | Dark period | | 
N | | 
6 hours | 6 hours | 86.9 | 
12 hours ‚12 hours 49.0 | 
12 hours | 12 hours (with 1 hour light pre 82.7 


Effects of increased temperature 


It has been shown for both long-day and short-day herbaceous species 
that an increase in temperature during the dark period tends to enhance the 
effectiveness of the latter. This is to be expected, of course, if the dark reac- 
tions have a positive temperature-coefficient. The reverse seems to be true in 
the photoperiodic responses of birch seed, where the ‘short-day’ effects are 
lost when the temperature is increased to 20° C. An attempt was made to 
obtain more information on these temperature effects, in relation to both the 
light and dark periods, by using single light periods and varying the tempera- 
ture during both the photoperiod and the following dark storage period. 

Experiment 1. Seeds were exposed to single photoperiods at 15° C and 
20° C respectively and then stored in the dark at the same temperatures. 
Preliminary tests demonstrated that seeds were not responsive to light after 
only 15 minutes imbibition. In all experiments, therefore, the seeds were allow- 
ed to imbibe water in the dark for one hour previous to the illumination. 
The seeds were watered as necessary during the two weeks’ storage in the 
dark. The results are shown in Table 5. 

Similar results were obtained in a repeat of this experiment. It is seen 
that, at 15° C, exposure to a single photoperiod, even of 24 hours’ duration, 
results in only a low percentage germination. A small rise in temperature 
to 20° C, on the other hand, greatly increases the response to a single photo- 
period. The processes involved in germination thus appear to have a very 
high overall temperature coefficient. 


Table 5. Percentage germination following single light exposures, at two different 
temperatures. 


PR eee ne pee IUT A 
Temperature | Duration of light period 
(in both light 


and dark) | 2 mins. | 15 mins. | 1 hr. |4 hrs. 8 hrs.j12 hrs.|16 hrs. 20 hrs. 24 hrs. 
mele eC Bye dees: | = 0 4.0 3.9 88 - LS 5.0 1.6 
DU OP coe ere ess | LS 31.0 — Me 14.0 90.8 38.6 89.6 92.8 
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Table 6. Percentage germination following single light exposures, at different temperatures 
during light and dark. Temperature: light 15° C; dark 20°°G: 


2 mins. | 15 mins. | 4 hrs. | 8 hrs. 12 hrs. 16 hrs.|20 hrs.|24 hrs. 


Duration of light exposure 


Percentage germination ...| 27.0 | 52.4 | 61.5 | 62.9 | 653 | 69.0 | 72.4 | 71.5 


Experiment 2. It is not possible, from the results of the preceding experi- 
ment, to determine whether it is the light reaction or the following dark 
reactions which are primarily affected by an increase in temperature from 
15° C to 20° C. In the following experiment the same photoperiods were used 
as in Experiment 1, at a temperature of 15° C. The temperature during the 
dark storage period was maintained at 20° C. 

It is known that there is a relationship between the sensitivity of seeds to light and 
the length of time for which these have been imbibing water (Evenari & Neumann, 
1953.) Borthwick and his co-workers (1954) have recently investigated this relation- 
ship, and have found that there is a gradual increase in sensitivity to light with time, 
the maximum being attained after 12—20 hours imbibition. In the present experiment 
seeds were therefore allowed to imbibe water for some time previous to exposure. Thus 
those seeds which were to be exposed for 2 minutes and 15 minutes respectively were 
allowed to soak in the dark for nearly 20 hours before illumination. For the longer 


photoperiods it was arranged that the middle of the light period occurred 20 hours 
after the commencement of soaking. 


The results are shown in Table 6. The increased germination at 20° C, 
observed in the previous experiment, is still obtained if the higher temperature 
treatment is restricted to the period of dark storage following a single light 
exposure. These results were confirmed in a repeat experiment. 

Although the increased germination obtained on raising the temperature 
from 15° C to 20° C is thus not primarily due to an effect upon the photo- 
reaction, nevertheless the increased temperature must affect certain ‘dark’ 
reactions initiated by the light-exposure, as is shown by the following experi- 
ment. 

Two dishes of seeds were exposed to light for 24 hours at 15°C. One dish was 
then placed in the dark at 20°C for 4 days and then transferred to the dark ata 
temperature of 15°C. The second dish of seeds was maintained in the dark at 15°C 
throughout. A third group of seeds was kept in the dark at 20°C for 4 days prior 
to receiving the 24-hour light-exposure. This group was then placed in the dark at 
15 C. For seeds kept at the higher temperature after the photoperiod a germination 
figure of 74.3 per cent was obtained, as opposed to 10.9 per cent for seeds given the 


higher temperature treatment before the light-exposure. Those seeds maintained at 
15 C throughout gave 5.4 per cent germination. 


Thus it is clear that, for the higher temperature to be effective, it must be 
given after the light exposure, and it Iherefore appears that it is the reactions 
inilialed by red light which are promoted at the higher temperature. 


2 
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Table 7. Effect of various temperatures during the light and dark periods. 
ne ne EEE u 


12-hour photoperiod | 12-hour dark period Percentage germination 
| 
1526 | 15 54.5 
NC | 20.6 97.0 
2020 15,6 94.5 
SC | 20° € 93.7 


Although, in experiments with a single light exposure, it is the temperature 
during the period of dark storage which is primarily effective in stimulating 
germination, nevertheless an appreciable further increase in germination is 
obtained when the temperature during the light period is also 20° C (Com- 
pare Tables 5 and 6). This conclusion is directly confirmed by the results of 
the following experiment, in which a series of photoperiodic cycles were used. 


Experiment 3. Four groups of seeds were maintained in 12-hour daily 
photoperiods, in conjunction with various temperatures during the light and 
dark periods as shown in Table 7. It is clear from the results that with 
repeated cycles, high temperature in either the dark or the light period is 
capable of stimulating germination. Even with the low temperature of 5° C. 
during the photoperiod, a high germination is obtained if the temperature 
during the associated dark period is 20° C. 

Experiment 4. The foregoing experiments demonstrate that a higher 
temperature in the dark storage period following a single photoperiod serves 
to increase the amount of germination. The present experiment was designed 
to give further information on the temperature effect by determining whether 
the higher temperature, to be effective, is necessary immediately after the 
light period, or at any time during the period of dark storage. 


Twenty-four groups of seeds were sown. Twelve groups were illuminated for 4 
hours at 15°C, and the remainder exposed to light for 24 hours at the same tempera- 
ture. After the exposure all the seeds were placed in dark storage. The dark storage 
period was divided into two temperature regimes, so that immediately after the light 
exposure 6 dishes of seeds which had been exposed to light for 4 hours and 6 which 
had been illuminated for 24 hours were placed in the dark at 20° C, and the remaining 
6 from each exposure, at 15°C. After a certain number of days each dish of seeds was 
transferred (in the dark) to the lower or the higher temperature. The duration of 
the dark storage period was 10 days, so that the following treatments were given to 
seeds exposed to both photoperiods: — 

a) 1—5 days at 15°C followed by 9—5 days at 20°C. 

b) 1—5 days at 20°C followed by 9—5 days at 15°C. 

c) 15°C throughout, and 20°C throughout (for 10 days). 


This experiment was repeated several times, and although in some repeats there 
was a small amount of variation, similar results were obtained in all cases. 
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Figure 5b. 
Figure 5. Effect of temperature during dark storage, following single light-exposure for 
; hours or 24 hours. (a) Seeds stored in dark at 20° C for given number of days and then 
transferred to 15° C. (b) Seeds stored in dark at 15° C for given number of days and 
then transferred to 20° C. 


The results of these treatments are shown in Figure 5. In the case of the 
seeds exposed to light for 24 hours it is apparent that in order to obtain a 
high percentage germination they must be maintained at the higher tempera- 
ture for at least two days immediately after illumination. A longer time at 
20° C does not significantly increase the amount of germination, but with 
less than two days lower percentages are obtained. Similarly, with the seeds 
exposed to the 4-hour light period the highest percentages of germination 
are obtained for all seeds kept at 20° C for at least 3 days immediately follow- 
ing the exposure to the photoperiod. Low germination is obtained with seeds 
which have been stored at 15° C for several days before transfer to 20° C. 
Those seeds which had been kept at 15° C for only one day prior to removal 
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Table 8. Percentage germination with infra-red radiation given at various intervals following 
exposure to red light. 


Infra-red exposure given at following intervals after exposure to red light (hours): | 


ee AS el a | a | 10 ae er | 20 | 24 | 46 | 7 


| | | 


0 | 0 | 3.3 | al aga 26.3 | 29.4 | ine 47.5 | 44.0 | ad 53.1 | 51.5 | 


Control (no infra-red): 49.0 per cent. 


to the higher temperature conditions gave as high a germination percentage 
at those which were at 20° C throughout. As the number of days of storage 
at 15° C increases, there is a corresponding decrease in the number of seeds 
which subsequently germinated. It is thus apparent that those reactions 
which are promoted at the higher temperature are completed in about 2 
days. Moreover, if the high temperature requirements are not fulfilled imme- 
diately after exposure to light there appears to be a decay of the capacity to 
respond to the higher temperature. 


Effect of infra-red radiation on germination 


It has recently been shown that the photoreaction promoting germination 
in lettuce seeds is reversible by infra-red radiation (Borthwick et al 1952, 
1954). Experiments described below have shown that the same phenomenon 
occurs in birch seeds. 

Experiment 1. Two groups of seeds were exposed to red light for 2 hours 
at 15° C and then placed in the dark at 20° C. One group was irradiated 
with infra-red at an intensity of 3000 ergs/cm?/sec. for 30 minutes before 
the dark storage. During this treatment the glass top of the petri dish was 
removed so that the seeds were directly exposed to the radiation. Similar 
treatment was given to two other groups of seeds which had been exposed 


to 4 hours of light. After storage in the dark for two weeks the germination 


percentages were determined. 

With the exposures to red light only, a germination of approximately 34 °/o 
was given with both 2 and 4 hours’ illumination, but with infra-red radiation 
following the red light, the germination in both cases was nil. It is clear from 
these results that exposure to infra-red radiation nullifies the effect of pre- 
vious exposure to red light, as in lettuce seed. 

Experiment 2. An experiment was carried out to determine how long the 
exposure to infra-red may be delayed, following the end of a single light 
period, in order still to obtain inhibition of germination. Fourteen groups 
of seeds were exposed to red light for 4 hours. Each group was then subjected 
to infra-red radiation (3000 ergs/em?/sec.) for 30 minutes at various times 
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Table 9. Effect of chilling on germination of seeds afterwards transferred to a temperature 
of, 1495 G: 


8 hour photoperiods | Dark 
Chilled | Unchilled Chilled | Unchilled 
| 


95% | 16 % 95 % | 0% 


after the light exposure. The seeds were kept in the dark at 20° C. before and 
after irradiation with infra-red. Table 8 shows the results which were obtained 
after 10 days storage in the dark. 

It is concluded from these results that when infra-red treatment is given 
up to 10 hours after exposure to red light, the germination processes are 
still partially or entirely reversible. After 12 hours, however, these processes 
are no longer under the influence of inhibitory radiations and germination 
takes place. The results are similar to those obtained by Evenari and Neu- 
mann (1953) who found that in lettuce seed, after a lapse of 10 hours the 
stimulatory effect of red light cannot be appreciably reversed. 


Effect of chilling (»Stratification» ) 


The effect of low temperature treatment (’stratification’) on seed germi- 
nation has been known for some time and is widely used as a means of 
breaking the dormancy of certain seeds. The effect of chilling the seeds of 
Betula pubescens was tested in the following experiment. 

Seeds were kept on moist filter papers in the dark at temperatures ranging 
from 1—5° C for 4 weeks. These ’stratified’ seeds were then divided into two 
groups, one being placed in the dark at 14° C, the second being exposed to 
8 hour daily photoperiods (light from 100-watt filament lamp at intensity of 
45 foot candles) at a temperature of approximately 14° C. ’Controls’ consist- 
ing of unchilled seeds were kept in the same conditions. The results were 
obtained after 14 days (Table 9). It is apparent from these results that there 
is no longer a light requirement for germination after chilling. 


Germination of excised embryos 


Experiments described above have demonstrated that germination of Betula 
seeds can be controlled by the photoperiodic conditions to which they are 
exposed. The question therefore arises, as to whether isolated embryos exhibit 
a similar type of photoperiodic response. Preliminary experiments showed 
however, that isolated embry :rminated e rell i 

er, that isolated embryos germinated equally well in both long- and 
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short-days. It was, therefore, necessary to determine whether excised embryos 
exhibit any light requirement at all. 

Embryos were dissected out of seeds which had been allowed to soak in 
the dark for 20 hours. Although the dissection was carried out in the light, 
no embryo, either when isolated or when in the seed, was exposed to light 
for more than 1 minute. After dissection the embryos were irradiated with 
infra-red (3000 ergs/cm?/sec.) for 30 minutes. Two groups of embryos, with 
20 embryos in each group were thus obtained. One group of embryos was then 
placed in the dark at 15° C and the other in the dark at 20° C. After 13 days 
those embryos at the higher temperature had germinated 85 per cent, whilst 
those at 15° C gave 75 per cent germination. Similar results were obtained in 
confirmatory experiments. 

Since the embryos had been exposed to 1 minute of illumination during 
dissection, it cannot be concluded that they would germinate in the complete 
absence of light. It is clear, however, that removal of the pericarp and endo- 
sperm markedly affects the response to light, for previous experiments have 
shown that seeds exposed to light for as long as 24 hours and then stored 
in the dark at 15° C give an extremely low percentage germination, and 
seeds exposed to light for 15 minutes and then stored at 15° C do not ger- 
minate at all (p. 307). It is therefore apparent that an abnormally high 
germination figure has been obtained with excised embryos. 

These observations suggest that, in the intact seed, the pericarp or endo- 
sperm exert an inhibitory effect on germination. This inhibitory effect 
appears to be located chiefly in the pericarp, since in a further experiment, 
seeds from which the pericarp alone had been removed (leaving the endosperm 
intact) gave a high percentage germination, after one minute’s illumination 
followed by dark storage at 15° C. 


Discussion 


The foregoing experiments provide clear evidence that the unchilled seeds 
of Betula pubescens show marked photoperiodic responses in relation to 
germination. After this work had been completed, it was reported by Isikawa 
(1954) that seeds of certain herbaceous species also show photoperiodic 
effects, greater germination being obtained in long days than in short days. 
These are the first reported instances of photoperiodic control of germination. 
Borthwick and his co-workers (1952) showed that the action spectrum for 
germination of light-sensitive lettuce seed is the same as that for the photo- 
periodic control of flowering and for other phenomena such as internode 
extension. They concluded that the same photoreaction is involved both in the 
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photoperiodic control of flowering and in light-sensitivity of seeds, but in 
lettuce-seed photoperiodic effects are not observable, since a single light 
exposure is sufficient to bring about germination. 

Although facilities were not available for determining the action spectrum 
for the photoperiodic control of germination in birch seed, presumably the 
same pigment system is involved as in lettuce, since the reversibility of the 
effects of red-light by infra-red radiation is seen in both species. 

It is of interest to compare the phenomena in birch seeds with those 
occurring in leafy plants of both herbaceous and woody species, and in 
dormant resting-buds. It is well-known that in long-day and short-day 
herbaceous species, both high intensity and low intensity (‘secondary’) photo- 
reactions are involved. The high intensity reaction appears to involve photo- 
synthesis (Liverman and Bonner, 1953). There is no evidence for any reaction 
in birch seeds involving high light-intensities and presumably we are here 
dealing with only the ‘secondary’ light-reaction of herbaceous species, as 
appears to be the case in resting-buds of Fagus sylvatica (Wareing, 1953). 

One of the characteristic features associated with the photoperiodic control 
of flowering in herbaceous species, is the occurrence of a well-marked ’cri- 
tical’ dark period, flowering in short-day plants being dependent upon 
exposure to cycles which include a certain minimum period of unbroken 
darkness, while in long-day plants flowering is inhibited if the duration of 
the dark periods exceeds the ‘critical value. There appears to be no well- 
marked critical dark period controlling germination of birch seed, however, 
since the percentage germination shows a gradual reduction as the length of 
the dark period is increased (p. 305). In this respect, also, the response of 
birch seeds resembles that of resting buds of F. sylvatica (Wareing, loc cit.). 
On the other hand, leafy seedlings of certain woody species do show a well- 
marked critical ‘"daylength’. Thus, seedlings of Robinia pseudacacia remain 
in active growth continuously for many months under long days, but rapidly 
become dormant under daily photoperiods of less than 12 hours (Moshkov, 
1932; Kramer, 1936). Leafy seedlings of B. pubescens also show a well-marked 
critical daylength of about 12 hours (Wareing, unpublished). The occurrence 
of a well-marked critical daylength thus appears to be dependent on the 
presence of mature leaves. In leafy plants there appears to be a positive 
‘dark’ reaction, taking place only in the absence of light, and which promotes 
flowering in short-day plants and inhibits flowering in long-day plants. There 
is no evidence for a positive dark reaction in birch seeds however. Firstly, 
an increased temperature during the dark period generally enhances the effect 
of the latter in leafy plants. Thus, in long-day plants an increased temperature 
during the dark period retards or even completely suppresses flowering (Lang 
and Melchers, 1943), as would be expected if there is an active, inhibitory 
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dark process having a positive temperature coefficient. If there were an 
active dark process (inhibitory of germination) in birch seeds, a high tem- 
perature should increase the inhibitory effect whereas the reverse is true 
(p. 309). It may tentatively be concluded, therefore, that the active dark 
process occurring in the leaves of herbaceous plants is absent in birch seeds. 

On the other hand, the observation that isolated birch embryos have no 
light-requirement for germination (p. 309) suggests that in the intact seeds 
germination is inhibited by the pericarp, and that the embryo is enabled to 
overcome this inhibition by exposure to light. On this hypothesis, the photo- 
periodic responses are to be interpreted primarily in terms of the promotive 
effect of light, the effect of long dark periods being a passive one, resulting 
from the decay of some light-product, so that the rate of summation of this 
product over successive light-exposures is reduced. 

The effects of temperature upon the pholoperiodic responses are complex 
and difficult to interpret. It seems clear, however, that the reduced light- 
requirements observed at 20° C result from the promotive effect of the higher 
temperature on certain processes initiated by the photo-reaction (p. 308). On 
the other hand, the light requirement is lost when the seed is chilled at 
1—5° C for several weeks. In this respect the seeds show responses similar 
to those of resting-buds of B. pubescens, which will only break dormancy 
when exposed to long photoperiods if unchilled, but will expand even in 
complete darkness after chilling (Wareing, 1954). 

It seems unlikely that these photoperiodic responses of unchilled pirch seeds 
are of importance under natural conditions, since they will normally be 
exposed to chilling conditions during the winter. Nevertheless, unchilled birch 
seeds present very favourable material for the study of photoperiodism under 
controlled conditions, | 

Grateful acknowledgement is made to Dr. H. J. J. Braddick of the Physics Dept. 
Manchester University, for advice and assistance in connection with the calibration 
of the photometric equipment. 


Summary 


1. Unchilled seeds of Betula pubescens are shown to be light-requiring 
At a temperature of 15° C the unchilled seeds show marked photo-periodic 
responses in relation to germination, long days resulting in a higher 


ID 


percentage germination than short days. 

3. The response depends upon the durations of both the light- and the 
dark-periods. 

4. At a temperature of 20° C the ‘photoperiodic’ nature of the response 
is lost and a high germination percentage is obtained under both short-day 
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and long-day conditions. At this temperature a single light-exposure is 
sufficient to give a high germination figure. 

5. The effect of increased temperature appears to be primarily upon certain 
processes initiated by a preceding period of illumination. 

6. The promotive effect of a single exposure to red light can be reversed by 

infra-red radiation. 

In unchilled seed the pericarp appears to exert an inhibitory effect upon 

germination, which is overcome by light-exposure. 

8. Chilled seeds of B. pubescens show no light requirement. 


—1 
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1. Introduction 


As shown by Österlind 1950 and by Briggs and Whittingham 1952 free 
CO, is the only carbon source utilized by Chlorella pyrenoidosa for photo- 
synthesis. Besides being the carbon source, if it is present in very high con- 
centrations, carbon dioxide can act as a narcotic for Chlorella and for other 
plant species (Ballard 1941, Österlind 1949 and Steemann Nielsen 1953). 
The influence of CO, on photosynthesis and growth has thus several aspects. 


Although the unicellular alga Chlorella pyrenoidosa is commonly cultivated 
in many laboratories all over the world, its growth rate in response to vary- 
ing carbon dioxide concentration has received but limited attention. Davis, 
Dedrick, French, Milner, Myers, Smith and Spoehr 1953 showed that the 
growth rate of Chlorella was not significantly influenced by differences in 
CO, concentrations ranging from 0.56 to 4.43 per cent (by volume). However, 
no experiments were made below the relatively high concentration of 0.56 
per cent. Experiments at lower CO, concentrations were made by Österlind 
1950. The results of these experiments seem, as will be shown below, to have 
been influenced by the rather dense algae suspensions used. 

When Otto Warburg about 1920 introduced the unicellular alga Chlorella, 
his manometric methods in experiments on photosynthesis opened a wide 
field. Cellular suspensions of this alga can be treated nearly like a chemical 
compound. This advantage has induced many biochemists to become inte- 
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rested in the chemical problems associated with photosynthesis thus further- 
ing our present knowledge of this process. 

Unfortunately there has been a drawback in using Chlorella in such a way. 
The concentrations of algae used in most Chlorella experiments have been 
so high that non-ecological conditions have prevailed. While for many experi- 
ments this has had no adverse influence on the results, experiments relating 
to the influence of carbon dioxide concentration on growth and photosynthesis 
have often become unrealistic. For example Warburg 1952 believes that a 
CO, concentration of 5 per cent is necessary to produce a maximum quantum 
yield in photosynthesis as well as a maximum rate of growth. He writes 
further: »Wächst sie (Chlorella) in der freien Natur schneller, so erhält sie 
Kohlensäure aus anderen Quellen als der Atmosphäre, oder das Wasser, in 
dem sie wächst, enthält organische Stoffe» (p. 340). 

Whereas experiments concerning the rate of growth of Chlorella at low 
CO, concentrations have been nearly lacking, experiments on the rate of 
photosynthesis have been made to a much higher extend. According to 
Emerson and Green 1938, Whittingham 1952, Briggs and Whittingham 1952, 
and Steemann Nielsen 1953, the maximum rate of photosynthesis is achieved 
at a CO, concentration of about 0.01—0.03 per cent. A concentration of 
0.03 per cent is found in water in equilibrium with the atmosphere at 15° C. 
With the exception of the 3rd. and the 4th articles the experiments were 
made without presence of HCO,” ions. The results of the experiments on 
photosynthesis made by Österlind 1951 and by Rosenberg 1954 do not appar- 
ently support this viewpoint. They will be discussed in sections 4 and 5. 
In a review of photosynthesis Lumry, Spikes and Eyring 1954 state (p. 315): 
» Recent studies indicate that the concentration of carbon dioxide required for 
maximum photosynthesis rates may be higher than was generally believed.» 
A reconsideration of the problem thus seems highly necessary. Warburg's 
claim of the necessity of using very high CO, concentrations in order to 
obtain maximum quantum yields in photosynthesis gives the problem of CO, 
dependency in photosynthesis a much wider scope. A detailed criticism of 
the recent articles indicating a relatively high CO, requirement was therefore 
found necessary. 


It should, however, be mentioned, that neither according to Österlind nor 


to Rosenberg a CO, concentration of about 5 per cent — as claimed by 
Warburg — is necessary for obtaining CO, saturation in Chlorella photo- 


synthesis and growth. According to them about 0.2—1.0 per cent is sufficient 
in saturated light, and of course still less in non saturated light. 
In a previous article 


Steemann Nielsen 1952 — it was pointed out 
that the thickness of the layer in the plant across which CO, dissolved in 
a fluid has to diffuse — the distance from the surface to the chloroplasts 
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farthest away — first of all determins the minimum CO, concentration neces- 
sary for producing the maximum rate of photosynthesis. Only submerged 
aquatic plants having thick leaves or thalli require a really high concentration 
of free CO, when this carbon source is the only one available. In a small 
plankton alga like Chlorella, where the distance for CO, to diffuse is very 
limited, a low CO, concentration in the surrounding water theoretically 
should be sufficient for establishing a maximum rate of photosynthesis. 

It is reasonable — but not obvious — to imagine that photosynthesis and 
growth are both similarily dependent on the concentration of CO,. In this 
article it will be shown that this is actually the case. 


2. Uptake of CO, by a Culture Medium Aerated with Ordinary 
Air and some Measurements on the Rate of Photosynthesis 


Chlorella is commonly grown in an aerated culture medium. Drechsel gas 
washing bottles have been widely used for this purpose (see Burk and War- 
burg 1951). 

Figure 1 shows how pH varies with time in 150 ml. of an aerated carbonate 
buffer solution (no algae present). The pH at the start was 9.60 and the con- 
centration of total CO, 2 mmol per litre. The temperature was 23° C. A Drech- 
sel gas washing bottle aerated with ordinary air at a speed of 60 ml. per 
minute was used. It took nearly 4 hours to decrease the pH to 8.80. 

The dependency of the rate of CO, uptake on pH in the present experiment 
is shown in Figure 2. The rate of CO, uptake for a definite time is computed 


21 
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Figure 2. Dependence of CO2 uptake on pH of a carbonate—bicarbonate buffer (2 mmol/l) 
aerated with ordinary air. 


by taking the difference in the amount of total CO, before and after. It is 
possible to estimate total CO, by means of pH, temperature and the concen- 
tration of the cations added together with the bicarbonate or carbonate ions 
(carbonate alkalinity, Buch 1945). Rosenberg 1954 offers a table which 
at 25° C can be directly used for the estimation of total CO, at the cation 
concentration 2 mmol/l. 

The rate of CO, uptake in the present experiment was 1.7 X 106 mol per 
litre per minute at pH 9.60. As the experiment progressed, the rate of CO, 
uptake dropped constantly. At pH 8.80 it was 0.5X 1075 mol. At a pH about 
8.5 the CO, uptake would have stopped completely, the solution now being 
in equilibrium with atmospheric air. The air blown through the Drechsel 
bottle contained 13.810~® mol CO, per litre. As the speed was 60 ml per 
minute 29 per cent of the CO, in the air was absorbed by the buffer solution at 
pH 9.60, 20 per cent at pH 9.30, 12 per cent at pH 9.00, and 9 per cent at 
pH 8.80. 

By using small bubbles produced by introducing the air through a filter 
of sintered glass a better CO, uptake is obtained. By increasing the speed of 
the airflow the increase in the rate of CO, uptake, however, is counteracted 
(see p. 328). 

The overall reaction during the present experiment was going on slowly. 
The time processes CO,+H,0=H,CO, and OH~+CO,=HCO,~, both of 
which are pH dependent, can only have been of limited importance as the 
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speed of the overall reaction was so slow. The rate of CO, uptake is presum- 
ably primarily regulated by the momentary difference in the concentrations 
of CO, in the solution and in the air. This difference is dependent on pH. 

Figure 3 illustrates an experiment where centrifuged and washed Chlorella 
pyrenoidosa cells from a normal culture were suspended in 150 ml of a 
solution of KHCO, the concentration of which was 2 mmol per litre. Some 
additional ions were present in very small concentration (Cat*, Na*, CF, 
SO, 7). The pH at the start was 7.80. The same Drechsel bottle — in a 
temperature bath at 23° C — was used as in the above mentioned experiment. 
It was illuminated by about 8.000 lux. Ordinary air at a speed of 60 ml per 
minute was used for aeration. The curve shows how pH varied during the 
first 200 minutes. 

In Figure 4 the rates of assimilation of CO, by the algae during the experi- 
ment are shown. The crosses give the observed rates directly. The circles 
and the solid line give the rates if corrections are made for growth during the 
experiment (doubling of the population in about 12 hours). 

The rates of CO, assimilation by the algae are computed in the following 
way: As pH increased during the experiment the total rate of CO, assi- 
milation by the algae is the sum of the CO, uptake from the air flow (to 
be deduced from the curve in Figure 2) and the amount of withdrawn CO, 
responsible for the increase in pH. This amount is computed from ep 


as shown above. 
In Figure 5 the same experiment as in Figure 4 is shown. The CO, concen- 


trations of the water now appear as the abscissa. The saturation plateau is 
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reached at a CO, concentration of about 0.01 per cent. At a concentration 
of 0.0015 per cent half the maximum rate of photosynthesis was found. This 
is in perfect agreement with the results obtained by Whittingham 1952 
and by Briggs and Whittingham 1952. In these works other methods for 
measuring photosynthesis were used. 

As shown in Figure 3 the increase in pH in the present experiment stopped 
at 9.54. Photosynthesis here is thus only supported by the CO, taken up con- 
tinuously from the air blown through the culture medium. Under the present 
experimental conditions 1.5 X 106 mol CO, / l/min. is thus the maximum rate 
of photosynthesis of Chlorella pyrenoidosa at the final pH. 

At the present concentration of algae the photosynthetic rate at the final 
pH was 44 per cent of the maximum rate. If the concentration of algae had 
been about 50 times as high — the normal concentration in most laboratories 
when cultivating Chlorella — the photosynthetic rate under the present con- 
ditions would have been only about 1 per cent of the maximum rate, It is 
thus easy to understand that a CO, concentration in the air flow about 100 
times higher than found in ordinary air would be required to get a maximum 
rate of growth. 

The density — E value — of the culture used in the experiment in question 


1 Io 
was 0.616. E>) log T where | is the depth of the culture in cm (=inner 


diameter of the colorimeter tube), I, the deflection of the galvanometer when 
the tube is filled with distilled water, and I the deflection when the tube is 
filled with the culture. An EEL colorimeter with a blue filter was used. The 


method of measuring E is in principle the same as used by Österlind 1949 
and 1950. 
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Figure 5. Dependence of rate of photosynthesis on the CO: concentration. According to 
the experiment shown in Fig. 3. 


In Figure 6 an experimental series is given showing the dependence of rate 
of photosynthesis on the CO, concentration. The carbon-14 method for mea- 
suring rate of photosynthesis was used (Steemann Nielsen 1952). 

Chlorella pyrenoidosa cells grown in the ordinary way were after centri- 
fugation suspended in 50 ml of a solution of 1.5 X10-% mol KHCO,+ small 
quantities of neutral salts. To this was added 1 ml of a solution of NaH'CO, 
—2%X 10? mol/l giving per ml 1.5 X10$ counts per minute as measured by an 
end-window Geiger tube with a window radius of 7.5 mm. The initial pH 
was 8.3. The light intensity was about 10.000 lux. As the density of the algae 
was low, the illumination of the single cells was even. The temperature was 
24°C. A temperature bath was used. 

At time intervals 5 ml samples of the algae suspension were withdrawn and 
the algae were filtered off. A millipore filter aerosol was used. After mea- 
suring the counts per minute the rate of photosynthesis was estimated. During 
the experiment both the concentration of total CO, and free CO, constantly 
decreased. The concentration of total CO, at any time was determined by 
subtracting the already photosynthesized CO, from the original amount 
of total CO,. By means of total CO,, carbonate alkalinity (=1.5 10-3 mol/l), 
and the apparent dissociation constants of carbon dioxide in water at the 
present temperature, pH can be estimated which again allows a determination 
of the concentration of free CO;. 

d(C) 
d pH 


For convenience sake the equilibrium values for given in Table 1 
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Figure 6. Dependence of rate of photosynthesis on the CO concentration. Chlorella, 
Carbon-14 method. 


by Rosenberg 1954 were used for computing the changes in pH. The con- 
centrations of free CO, used in each single determination is the intermediate 
between the concentration at the start and at the end. 


The curve in Figure 6 shows the results of the experiment. From a con- 
centration of about 0.01 per cent free CO, the rate of photosynthesis is in- 
dependent of CO, concentration. The curve is nearly identical with the curve 
obtained with the other method of measuring rate of photosynthesis shown 
in Figure 5. 

Using 5 different methods it has thus been shown that Chlorella pyrenoid- 
osa normally only requires a very low CO, concentration for photosynthe- 
sizing at maximum speed. These 5 methods are: 1) the manometric method 
used by Briggs and Wittingham 1952, 2) the infra-red gas analyser method 
used by Wittingham 1952, 3) the oxygen method used by Steemann Nielsen 
1953 4) the glass electrode method recording CO, uptake used in the present 
work and 5) the carbon-14 method used in the present work too. As to be 


shown in the next section experiments on growth in Chlorella show just the 
same CO, dependence as photosynthesis. 


It should now be possible to state with a very high rate of certainty that 
normally grown Chlorella pyrenoidosa cells only require a very low CO, 
concentration for producing maximum rate of photosynthesis. The concen- 
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tration is at most as high as found when water is in equilibrium with atmo- 
spheric air. Not absolutely healthy Chlorella cells may possibly sometimes 
require a slightly higher CO, concentration. 


3. Growth Experiments with Chlorella at Different 
CO, Concentrations 


If very weak densities of Chlorella are used growth experiments can be made 
without aeration. Under these circumstances it is of course impossible to use 
photometric methods for measuring growth. Instead the algae have to be 
counted microscopically. Counting of a pure culture while tedious, is none 
the less as precise as the photometric method. 

The following counting method was used: 10 ml. of the culture in tubes 
with a tapered bottom were centrifuged for 5 minutes at 3,000 revolutions 
per minute. The supernatant was poured to waste leaving a residue of 0.20 ml. 
A bloodcounting chamber was used to determine the number of cells in the 
remaining 0.20 ml. 

Figure 7 illustrates a series of growth rate measurements induced by vary- 
ing the concentration of carbon dioxide. The basic nutrient solution used 
corresponded to Solution C, Osterlind 1949 page 41. The carbonates were of 
course omitted. Varying amounts of NaHCO, were instead added. The pH 
varied from 7.9 to 8.1 and the concentration of free CO, varied from 0.015 to 
0.15 per cent. The initial concentration of Chlorella pyrenoidosa in all bottles 
(15 ml. capacity with glass stoppers) was adjusted to 14 cells per mm. 
During 23 hours under 9,000 lux at 20° C the amount of algae at all con- 
centrations of CO, increased to about 100 per mm’, In Fig. 3 the growth rate 
is shown expressed as the constant n. According to Osterling 1949 


Ava + A1 


2,903! 
= ———YX]lo 
z Abeg. 


n= 

tu —b 
where t;—ty=duration of the experiment, expressed in hours, Apeg.=con- 
centration of algae at the start, A;=concentration of the algae at the end of 
the experiment. 

According to Figure 7, the concentration of carbon dioxide in water in 
equilibrium with ordinary air (tension about 0.03 per cent) is sufficient to 
produce maximum growth rates at pH 8. This is in accordance with the 
experiments mentioned above concerning the rate of photosynthesis in relation 
to the concentration of free carbon dioxide. 
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4. Remarks on Experiments made by Österlind 


The results of the experiments described above do not agree with those 
published by Österlind 1950. According to his experiments growth at a CO, 
concentration of 0.03 per cent (pH 8) is only Y/ıo—!/s of the maximum rate 
observed. 

When growing another unicellular alga, Scenedesmus, Österlind 1949 paid 
adequate attention to the density of the culture. An entire section, pages 
46—50, is presented to prove at which densities of the algae the supply of 
CO, from the air is sufficient to maintain a constant concentration of the 
carbonic acid components. Under the growth conditions used it was stated 
that the Scenedesmus cells do not suffer from CO, deficiency when the 
culture is aerated with ordinary air at a rate of 30—60 ml. per minute pro- 
vided that an E value of 0.04 is not exceeded. 

When presenting this Chlorella experiments Osterlind 1950 unfortunately 
neglected to mention the density of his cultures, but relying on his experiences 
with Scenedesmus it would seem unlikely that he should have used a density 
higher than E=0.04. However, one important alteration in the method of 
growing algae was introduced. In the previous Scenedesmus experiments, 
tubes with an inner diameter of about 18 mm and containing 10 ml of the 
culture were used. The depth of the culture was about 5 em. In the Chlorella 
experiments difficulties were encountered by using tubes. Due to the pro- 
duction of surface active substances, the cultures foamed while being aerated. 
Ultimately the experiments had to be perfomed in 100 ml conical flasks, each 
containing 50 ml of the culture. The depth of the culture was about 2 cm. 
When using these conical flasks, the path of air bubbles rising in the culture 

| 
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solution was less than half the path when the tubes were used. Furthermore 
the volume of the solution is five times greater in the conical flasks. The CO, 
uptake per equal volume was thus most likely about 10 per cent of the 
uptake in the tubes assuming both were aerated with the same volume of air. 

Thus assuming Österlind used the same densities of Chlorella as he used 
in his Scenedesmus experiments the high CO, concentration required to 
produce maximum rates of growth is easily understood. 

In a subsequent paper Österlind 1951 published some manometric experi- 
ments on the dependency of the rate of photosynthesis upon the concentration 
of free carbon dioxide. According to these experiments the rate of photo- 
synthesis is directly proportional to the concentration of CO, up to at least 
0.082 mmol per litre (=0.16 per cent), thus indicating that rather high con- 
centrations of CO, is necessary to obtain maximum rates of photosynthesis. 

According to the experiment illustrated in Fig. 4 of this article, 3.41076 
mol CO, were assimilated per litre per minute at an algal density of E=0.616. 
As E was 0.13 in Österlind’s experiment the rate of photosynthesis (the light 
intensity was apparently the same) was about 0.8X10”° mol CO, per litre 
per minute. A concentration of CO, of e.g. 21.3 mmol per litre (=0.05 °/o CO,) 
could thus maintain a maximum rate of photosynthesis for only 27 minutes. 

As the duration of the experiments was 50 minutes, it would appear that 
the diffusion from the liquid to the gas state is excessively slow if Osterlind’s 
modification of the manometric method is used. It seems not to be possible 
to employ this modification for the aim in question. 


5. Remarks on Experiments made by Rosenberg 


Rosenberg 1954 described a continuously recording glass electrode appa- 
ratus for measuring photosynthetic rates and changes in the concentration 
of dissolved carbon dioxide. It was used for the measurement of transient 
rates of photosynthesis by suspensions of Chlorella pyrenoidosa. Rosenberg’s 
measurements apparently showed a decline of the photosynthetic rate in high 
light at CO, partial pressures less than 1 per cent. This observation was 
apparently confirmed by steady state experiments in which flowing gas 
streams were analyzed, 

The method of using the glass electrode for measurements of the rate of 
photosynthesis is in principle the same as employed in the experiments given 
in section 2 of this article, There are, however, rather serious objections to 
this method as used by Rosenberg. The same applies to his steady state 
experiments in which the flowing gas stream after bubbling through the algal 
medium is analyzed by the glass electrode in a special vessel containing a 


buffer solution. 
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The primary objection concerns the use of extremely dense algae suspen- 
sions — 0.01 ml algae per ml of the culture medium. About 1 per cent of the 
total volume thus consists of algae! Both the CO, conditions and the light 
conditions are strongly influenced by such an unnatural cell concentration. 

Rosenberg’s Figure 6 illustrates one of his steady state experiments. At the 
lowest CO, concentration used (0.15 °/o) the rate of photosynthesis was only 
about 40° per cent of the maximum one obtained at 1 °/o CO,. Information is 
unfortunately lacking about the details of the experiment. But let us consider 
that the maximum rate of the airflow reported (10 ml/minute) was used and 
that the maximum rate of photosynthesis was 3X10-6 moles/litre/second. 
This was the maximum rate stated if the glass electrode was placed directly 
in an algal suspension having the same density. If all CO, in the airflow at 
a concentration of 0.15 per cent was absorbed by the experimental solution 
(4 ml) and used in the photosynthesis of the algae, a photosynthetic rate of 
only 83 per cent of the maximum would be possible. 

It is furthermore very unlikely that all CO, in the airflow was absorbed 
in the reaction vessel. Although the airbubbles produced were small due to 
the glassfilter through which the air entered the reaction vessel, the time a 
single airbubble stayed in the medium was very short due to the very shallow 
solution layer — about 5 mm deep. 

An experiment was conducted in our laboratory. It clearly showed the in- 
efficiency of CO, absorbtion from small airbubbles. 20 ml of a carbonate— 
bicarbonate buffer (0.002 m pH 9.60 was poured into a Buchner funnel with 
sintered glass at the bottom (Schott G 4). A flow of normal air (0.03 °/o CQ,) 
was pressed up through the pores of the sintered glass at a speed of 240 ml 
per minute. A glass electrode and a reference electrode were placed in the 


center of the funnel and pH was registered continuously. From ope the rate 
of the CO, uptake was determined. At pH 9.50, where the CO, tension of 
the solution was about '/10 of the tension in the air, 20 per cent of the CO, 
in the airflow was absorbed, at pH 9.20 14 per cent and at pH 9.00 
LO) per cent. 

In Rosenberg’s experiments pH was lower. As shown above the uptake of 
CO, decreases when pH decreases. The rate of airflow, however, was slower 
— 10 ml air per 4 ml solution compared with 240 ml per 20 ml=48 ml per 
4 ml, This explains why at a CO, concentration of 0.15 per cent in the airflow 
he was able to obtain a photosynthetic rate as high as 40 per cent of the 
maximum. The experiment on the other hand does not tell anything about 
the dependency of the rate of photosynthesis on the CO, concentration, Rosen- 
berg mentions on p. 773: »Preliminary experiments indicated that at high 
light the inhibition (due to CO, limitation) was removed by higher concen- 
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trations of bicarbonate.» This indicates that the actual CO, pressures in the 
medium were much lower than stated. 

Rosenberg’s other method of measuring the rate of photosynthesis did not 
include any uptake of CO, from an airflow. It is never the less very near 
to the method used in my experiment given in Section 2. The algae concentra- 
tions used in the two sets of experiments were, however, very different. The 
optimum rate of photosynthesis per litre in Rosenberg’s experiment at the 
highest light intensity used was 55 times higher than at saturating light in 
our experiment indicating that the algal density was about 50 times higher. 
The density of the algae expressed as E value (blue light filter. see p. 322) was 
0.616. in our experiment. This is eo ipso a high density, much higher than I 
would recommend for normal use. It means that the intensity of the blue 
light at a depth of 1 cm from the surface facing the light is about 25 %o 
of the intensity at the surface. Integrated for the whole active part of the 
spectrum about half of the light energy is absorbed in the first cm. 

In Rosenberg’s experiment the light intensity must have varied enormously 
from one depth to another of the algae suspension. This is clearly shown by 
the response to variations in the intensity of the incident light. According 
to his Fig. 6 the rate of photosynthesis is tripled by increasing the light 
intensity from 900 to 4200 foot-candles. Normally 900 foot-candles are suffi- 
cient for producing a maximum rate of photosynthesis in Chlorella. It can 
be assumed without difficulty that the light intensity at the distal extremety 
of the reaction vessel at the highest intensity of the incident light was below 
the compensation point. 

As no permanent stirring was produced in the reaction cell it is difficult 
to say what the measurements by the glass electrode really mean. The top 
of the electrode was about 2 mm from the front of the reaction vessel. The 
algae here were thus relatively well illuminated. The most distant part of 
the electrode was 5 mm away. The algae here were very badly illuminated. 
The lack of water cooling of the reaction cell must also be mentioned. As 
white light from a projector bulb was used, the temperature inside the 
reaction cell may have been rather different from room temperature. 

Furthermore the influence of the time process CO,-+-H,O2H,CO; cannot 
be fully disregarded in an experiment where all the pH changes used for 
computing the rate of photosynthesis (between 7.0 and 7.6) is limited to 2 
minutes. Finally the rather long induction times necessary in photosynthesis 


when going from a high to a low CO, concentration — see Briggs and 
Whittingham 1952 and Whittingham 1952 — must seriously influence the 


results of experiments where the CO, concentration is changing rapidly. 
Collectively these objections do not substantiate Rosenberg’s results which 
differ so much from the results obtained by other investigators. 
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6. The Influence of very high CO, Concentrations on the 
Rate of Photosynthesis 


In a previous paper — Steemann Nielsen 1953 — it was shown that very 
high concentrations of free CO, in the water may influence the rate of photo- 
synthesis in, Chlorella. A destinct decrease was found in saturated light at 
concentrations above 1 per cent. The decrease was about 20—40 per cent 
at a CO, concentration of 5 per cent. The rate of photosynthesis was on the 
other hand found to be constant when varying the concentration from about 
0.03 to 1 per cent. It was assumed that CO, in a concentration of more than 
1 per cent acts as a poison (or better as a narcotic — see Rabinowitch 1946 
p. 300) for at least one of the enzymatic processes involved in photosynthesis. 
The same effect of CO, has been found by other workers in a variety of 
species — e.g. in Scenedesmus quadricauda by Österlind 1949. 

Quite contrarely to the results in saturated light a series of experiments at 
low light intensities (near the compensation point) showed a pronounced 
increase in the rate of apparent CO, assimilation when the CO, concentration 
was increased above 1 per cent. Variations from 0.05 to 1 per cent did not 
alter the rate of photosynthesis. It was therefore suggested that in light a high 
CO, concentration may give rise to a blocking of the respiratory mechanism. 
This would account for the increased rate of apparent CO, assimilation. 

In the following mainly the influence of high CO, concentrations on the 
rate of photosvnthesis in saturated light will be considered. Scarcely more 
than some few of the enzymatic processes involved in photosynthesis are 
affected by CO, in excess. The entire photosynthetic process in saturated 
light is apparently not always limited by the same enzymatic process. Dif- 
ferences from one experiment to another may therefore be expected regarding 
the CO, concentration above which the rate of photosynthesis starts to 
decrease. In one of our series of experiments the decrease in the photosyn- 
thetic rate only was found at concentrations above 5 per cent. 

The results of the experiments correspond very well with those obtained 
by Ballard 1941 using leaves of terrestrial plants. This worker furthermore 
made the interesting observation that the narcotic effect of CO, started at 
a much lower concentration at a low temperature — 6° C 
temperature. 


than at a higher 


By making a rather long sequence of Chlorella experiments concerning 
the influence of varying CO, concentrations in saturated light 3 series turned 
out to give a somewhat special picture at a low pH whereas a normal behavior 
was found at a higher pH. At the same time the maximum rate of photo- 
synthesis in saturated light was — in contrast to normal conditions — found 
to be pH dependent. It must be pointed out that these 3 series all were made 
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Figure 8. Rates of photosynthesis in Chlorella in saturated light at different pH as a 
function of the CO: concentration. 


in the same period — during a single week. The culture medium for growing 
the algae previous to the experiments had been prepared at the same time. 
If some special factor had been introduced, it must have been by accident. 


The methods for cultivation and for measuring the rate of photosynthesis 
— oxygen determinations by Winkler — were the same as described in 
Steemann Nielsen 1953. All measurements were made in duplicate. The den- 
sity of the algae was always kept so low that all algae during an experiment 
were exposed to practically the same light intensity. The same was true con- 
cerning the experiments described in the 1953 article where by a mistake 
nothing was stated about the density of the algae. 

In the two series shown in Figure 8, experiments were made both at a high 
and at a low pH, in series A at pH 9.4 and pH 4.7, in series B at pH 6.8 
and pH 4.7. The light intensity was 9.000 Lux, temperature Dire Cay Lite 
rates of photosynthesis are given relatively, but they are all computed for 
the same E value — see p. 322, for absolute rates see p. 332. In series A at 
pH 9.4 the saturation plateau for CO, was reached at a concentration below 
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0.1 per cent. Real high concentrations of free CO, can not be employed at 
this pH because of the abnormally high concentrations of HCO37 and CO,” ~. 
In series B at pH 6.8 it was possible to use concentrations of free CO, up to 
3 per cent. The usual decrease in the photosynthetic rate at concentrations 
above 1 per cent was found. 

At pH 4.7 series A covers CO, concentrations from 0.1 to 10 per cent. In 
series B at pH 4.7 experiments were done only in the range 1.3—10 per cent. 
But here the results were exactly as in series A. The rate of photosynthesis 
did not change by varying the CO, concentration from 0.1 to 0.4 per cent. 
The CO, saturation plateau was thus reached at a concentration below 0.1 
per cent. In both series, howewer, the rate of photosynthesis at the saturation 
plateau at pH 4.7 was far below the rate obtained at the higher pH. At pH 4.7 
in series A the rate at the plateau was 67 per cent of the rate at pH 9.4, 
in series B the rate at pH 4.7 was only 57 per cent of the rate at pH 6.8. 

This dependency on pH is as already mentioned not usually found in 
Chlorella pyrenoidosa. Emerson and Green 1938 thus found no influence on 
the rate of photosynthesis in the pH range 4.6—8.9 and according to Fig. 1, 
Steemann Nielsen 1953 the rates were identical at pH 4.2 and 9.4. The pH 
dependency observed in series A and B was also found in the third series made 
at the same time. It must be stressed that the photosynthetic rates at a high 
pH in these 3 series measured per density of algae were as high as found 
in series showing no pH influence. Computed for E=0.62, the density of algae 
found in the experiment described in Section 2, the maximum rate at pH 6.8 
in series B is 2.81073 mol CO,/L/min., which is nearly the same as found 
in the above mentioned experiment. 

As mentioned above the algae in series A and B showed another peculiar 
behavior. At CO, concentrations about 1—5 per cent a definite increase in 
the photosynthetic rate at pH 4.7 was found (see Figure 8). It was just the 
opposite of what was found at the higher pH in the same series. In these 
series there is presumably a connection between the pH dependency and the 
stimulating effect of high CO, concentrations at a low pH. 

In general terms the explanation may be this. For some reason a process 
which has a decreasing effect on the rate of photosynthesis is stimulated at 
a low pH in these series. At a high CO, concentration, this process, however, 
is blocked. The rate of photosynthesis thus increases. The process in question 
may simply be the invasion of H ‘ions into the protoplasma, which very likely 
could be influenced by CO, in excess through blocking of the centers in the 
plasma membranes responsible for uptake of ions into the cell. It may instead 
be some sort of photooxidation, induced by the low pH, attacking enzymes 
involved in photosynthesis. A decreasing effect of CO, in high concentrations 
on photooxidation seems to be a possibility — emp. Franck and French 1941. 


CARBON DIOXIDE AS CARBON SOURCE AND NARCOTIC 333 


It seems on the other hand unlikely that the increase of the apparent CO, 
assimilation in the experiments in question is effected by the blocking of 
some process in normal respiration. The increase in the rate of CO, assimilation 
by increasing the CO, concentration from 1 to 5 per cent is nearly 4 times 
greater than the rate of respiration in the dark at the pH in question. 

The combination of the two curves from series B (Figure 8) is rather im- 
pressive. At both pH it seems evident that above a CO, concentration of 5 
per cent the same partial process blocked by the excess CO, is limiting the 
‘overall photosynthetic process. At pH 6.8 the same process is limiting below 
5 per cent CO,. This is, however, definitly not the case at pH 4.7. 

If CO, in high concentrations acts as a narcotic in the same way as the 
different urethans — cmp. Wassink, Vermeulen, Reman and Katz 1938 — 
it may interfere not only with the enzymatic mechanisms of photosynthesis 
by blocking enzyms responsible for light saturation but also with the sensi- 
tization process itself. The eventual blocking of photooxidation as mentioned 
above would in fact be the same as an inhibition of the transfer of exitation 
energy from chlorophyll. 

With leaves of Ligustrum at 2,000 Lux, 6° C. Ballard 1941 observed a 
definite decrease in the photosynthetic rate when the CO, concentration 
exceeded 1 per cent. As the overall process at this low light intensity most 
likely must be limited by the photochemical part process, it is rather probable 
that CO, in high concentrations under certain conditions inhibits the normal 
transfer of exitation energy as do urethans. The initial slope of the light 
assimilation curve is thus altered. Wessel 1954 offers a rather probable 
explanation of the mechanism of such an inhibition. 

The influence of CO, in excess may thus under certain circumstances be 
rather complicated at very low light intensities, the rate of apparent CO, 
assimilation being at the same time affected by an increasing and a decreasing 
influence. As shown above occasionally at high light intensities the interaction 
of two processes both affected by high CO, concentrations may also make the 
interpretation of a single experiment rather complicated. 

High CO, concentrations as well as high algae densities should be avoided 
in all experiments not specially designed for investigating the effect of either 
high CO, concentrations or high algae densities. This is to be put in mind 
when measuring the quantum yield of photosynthesis. 


Summary 


Much confusion about the concentration of CO, necessary for maximum 
rate of photosynthesis and growth in Chlorella exists at present. It is shown 
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that too dense a concentration of algae used in many experiments is the 
main cause of the discrepancies. 

Using very dilute concentrations of Chlorella pyrenoidosa it is shown that 
both photosynthesis and growth are independent of the concentration of 
CO, down to 0.01—0.03 per cent. 

Three different and independent methods of measuring photosynthesis 
have been used by the present author to show the low CO, requirement in 
Chlorella photosynthesis. In addition still two other methods used by other 
workers have given exactly the same result. 

The uptake of CO, by a culture medium when aerated with ordinary air 
was investigated and found very inefficient. By using small bubbles produced 
by introducing the air through a filter of sintered glass a better uptake is 
obtained. By increasing the speed of the airflow the increase in the rate of 
CO, uptake, however, is counteracted. 

It is shown that the narcotic effect of very high CO, concentrations — 
above 1 per cent — may influence in different ways the rates of metabolism 
in Chlorella. In saturated light an enzymatic process which usually limits the 
overall photosynthetic process is blocked by high CO, concentrations whereby 
the rate of photosynthesis decreases. 

The rate of photosynthesis in saturated light is usually independent of 
pH. Under certain circumstances, however, a process which affects a decrease 
in the rate of photosynthesis is stimulated by a low pH. This special process 
is inhibited by high concentrations of CO,. The rate of photosynthesis at low 
pH thus increases at high CO, concentrations. 

Near the compensation point the rate of apparent CO, assimilation may 
increase at high CO, concentrations most likely due to a blocking of some 
part of the respiratory system. 

The grants made by The Danish State General Research Foundation towards the 


performance of the present work are gratefully acknowledged. Mr. Borge Larsen, 
M. Sc., assisted, in carrying out the experiments. 
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In the Avena straight growth test used by Ingestad (3) native auxins were 
present due to the fact that the coleoptile sections were not washed in water 
before they were put in the test solutions. For this reason there was evidence 
that supplied growth substances interact competitively not only with each 
other (4, 5) but also with the native substances. In the present paper further 
investigations on the interaction of native and supplied substances are re- 
ported. 

The effect of p-chlorophenoxyisobutyric acid (PCIB) on the growth of 
Avena coleoptiles and their content of extractable 3-indoleacetic acid (IAA) 
are studied. PCIB is a well-known antiauxin found to counteract IAA in roots 
by Burström (1) and in coleoptiles by McRae and Bonner (5). 


Methods 


Germination. Avena seedlings with glumes removed were grown in Vermiculite 
under constant conditions (25° C and 80 per cent humidity). They were irradiated 
with red light during the first 12 hours after emergence over the Vermiculite level. 
After about 70 hours the coleoptiles were used for the different treatments. About 30 
per cent of the sowed seeds gave straight coleoptiles of suitable size. 

Antiauxin treatment. 2.5—3.0 cm long coleoptiles were selected and cut to a length 
of 2.0 cm with the tips intact. These pieces were placed vertically with the cut ends 


1 Present address: Forest Research Institute, Stockholm 51. 
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Figure 1. Device for treating coleoptiles with PCIB. 
— The excised coleoptiles are placed in a shallow 
dish containing the solution and supported by a 
plate of Perspex. The coleoptiles were subsequently 
extracted for IAA which was determined in a cylin- 
der test (cf. the text). 


down in Petri dishes and supported by a perforated plate of Perspex as shown in 
figure 1. The dishes had a diameter of 70 mm and contained 20 ml of a solution 
containing 1.6 per cent dextrose, 10-3 M potassium citrate buffer with pH 4.5 and 
in some cases PCIB as the potassium salt. The coleoptiles were treated for 18 hours 
in darkness and under constant conditions (25° C and 80 per cent humidity). In 
some experiments the lengths of the coleoptiles were then measured with the accuracy 
of 0.5 mm, in others the content of extractable IAA in the coleoptiles was estimated 
by means of paper chromatography and the Avena cylinder test. In the first case 
20 coleoptiles were used in each Petri dish and in the second case a number of 50. 

Chromatography. In these experiments it was desired to avoid destruction and 
loss of the native IAA by too many operations but, nevertheless, obtain the substance 
in a sufficiently pure state. After the coleoptiles were taken out of the solutions their 
wet cut ends were slightly pressed against a filter paper and the coleoptiles placed 
in wet ether, purified from peroxides. Fifteen ml ether were used per 50 coleoptiles. 
The material was crushed and extracted in darkness at 20° C for one hour. During 
the next half-hour the tissue was washed four times with ether, 10 ml each time. 
The ether was evaporated and the residue immediately extracted for half an hour 
with five applications of 5 ml chloroform at 20° C. These 25 ml of chloroform were 
then evaporated and the residue quntitatively transferred, by means of ether, to 
a strip of chromatogram paper (Munktell No. 00). The application was made in one 
spot, the strip was 2.5 cm wide and the chromatogram run with ascending solvent 
in a glass jar at 22° C and in darkness or red light. The solvent was composed of 
isopropanol, ammonia and water in the proportions 10:1:1. When the solvent 
front had ascended a distance of 18—20 cm the paper was removed and dried one 
hour in vacuum at 20° C. The part of the paper between the R; values 0.25 and 0.50, 
corresponding to the position of pure IAA, was cut in small pieces and extracted one 
hour with five applications of 5 ml ether. The 25 ml extract thus obtained was 
successively transferred to a small beaker (diameter 2.5 cm) and the ether evaporated. 
To the beaker were then added 2 ml of a nutrient solution and the amount of extracted 
IAA measured as described below in the Avena test chapter. 

In order to control that the extracted IAA was to be found between the R; values 
mentioned the position of the pure compound was always tested on a separate 
chromatogram. The IAA spot was detected by spraying with p-dimethylaminobenzal- 
dehyde (1 g in 75 ml N HCl). 

A purification of IAA and its separation from PCIB by chromatography procedure 
is realizable because of the rather different R; values of the two substances. In 
preliminary experiments the R; values of the pure compounds were determined. 
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Figure 2. The effect of extracts of differently treated coleoptiles on Avena section growth. 

— Untreated (——) and PCIB-treated (- - -) coleoptiles were extracted and the extract 

chromatographed. The paper strip was cut in five sections. The separate extracts of these 

sections were then tested in Avena test. The growth is expressed as increase or decrease 
in respect to the growth of the control. 


Five ul of one per cent solutions were used. Whether the compounds were examined 
alone or mixed the R; value of each substance was found to be constant. The PCIB 
spot was detected by spraying with a slightly alkaline solution of bromthymolblue 
and IAA with the reagent just mentioned. 

The R; value of pure IAA was 0.37 (coloured spot at R; 0.25—0.50) and of pure 
PCIB 0.75 (total spot 0.70—0.80), obtained at 22° C and with the solvent isopro- 
panol, ammonia and water (10 : 1 : 1). A good separation between IAA and PCIB by 
chromatography is also obtained when extracts of coleoptiles not treated and treated 
with PCIB are used (figure 2). 

Avena test, Coleoptiles 2.5—3.0 cm in length were selected. From each a 5 mm 
long section was cut 3 mm from the tip. The sections were thread on thin glass 
needles and washed for one hour in distilled water. The washing in water was 
carried out to obtain low control growth. Ten sections were then placed in a small 
beaker (2.5 cm in diameter) containing 2 ml of a test solution of 1.6 per cent 
dextrose and 10~* M potassium citrate buffer (pH 4.5) and added extracted IAA. 
After 18 hours at 25° C in darkness the section length was measured under the 
microscope with an accuracy of 0.1 mm. 

It is shown in the next chapter that the accuracy of the test is very great in 
spite of the small differences. Every measurement made is recorded in table 2 and 
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the results are statistically analyzed. It is immediately seen that the homogeneity 
of the material is great with the exception of the fourth experiment where some 
external factor must have been altered during the test time. The authors think it is 
of interest to discuss some details in the test method employed that seem to be of 
importance for the homogeneity of the material and the accuracy of the results. 
The coleoptiles were selected between the length limits 2.5 and 3.0 cm. The cutting 
of the coleoptiles must be made with great care. The initial length of the sections 
must be very constant and the cut ends even. By means of a special cutting tool 
with two parallel razor blades the variation in the initial length was restricted to 
a few hundredth parts of a millimetre. A good contact between the sections and both 
the test solution and the air seems to be of great importance. The method of pressing 
the sections down in the solution but not under the surface by means of thin glass 
needles seems to meet this requirement very well. The measurements must be made 
after a certain rule. It is not always possible to obtain quite flat section ends. 
Sometimes small fringes arise that will affect the measurements to a small extent. 
The measurement always represented the greatest length with the fringes included. 


Results 


In table 1 is given the growth of coleoptiles, untreated and treated with 
10° M PCIB. The tests were made on four occasions with one control and one 
treatment each time. The measurements are summarized (80 measurements 
for the control and 80 for the treatment) in the table. It is seen that PCIB 
lowers the growth of the coleoptiles and that the t-value shows good signi- 
ficance. 

From table 2 is evident that the content of extractable TAA in the coleoptiles 
is higher when they are treated with 10° M PCIB than when they are 
untreated. The untreated ones, on the other hand, show a certain amount of 
IAA. Every measurement made is given in the table and no single value 
has been omitted. The experiments were made at five different times, each 
time with a test for the control of Avena section growth, one test with extract 
from untreated and one with extract from treated coleoptiles. In the fourth 


Table 1. Growth of isolated Avena coleoptiles with tips intact treated at the base with 

p-chlorophenoxyisobutyric acid (PCIB). The figures represent the summarized numbers 

of coleoptiles from four experiments, each with 20 coleoptiles per treatment. Initial cole- 

optile length 20.0 mm. The difference between the means, 0.5 mm, has a t-value of 6.77** 
(3 degrees of freedom). 

Length in mm | Average | 


+ > = | 
Cone PCI) 98.5 9240 245 25.0 25.5 26.0 265 27.0 27.5 280 | length mm 


0 | 4 1 LS rar 14 2 Sn 25.9 
LOST CU | 2 7 12 14 11 23 8 2 0 1 | 25.4 


| 
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Table 2. The IAA content of coleoptile extract expressed as growth of Avena coleoptile 
sections. The extracts are obtained from coleoptiles untreated and treated with 10-° M 
p-chlorophenoxyisobutyric acid (PCIB). The figures represent numbers of sections. Each 
experiment comprises 10 sections per treatment. Initial section length 5.0 mm. 
ee 


Date of Section length in mm | Average 
Treatment | 4 J e = growth 
expt. | 53 54 55 56 5.7 58 5.9 6.0 6.1 6.2 nine 
Se 
| 
1.10.54 2 fl a 0.51 
I 3.10.54 2 6 a’ 1 0.49 
mn 6.10.54 | 1 1 4 2 2 0.55 
Car hl 2.11.54 | PATES 1 0.73 
(no extract) 6.12. Dr SA RE 0.52 
Total 4 5 19770 5 6 0 1 0.56 
Rs LES CR ee ee ee 
| à 1.10.54 i? Hal soe au 0.62 
| 3.10.54 1 2 3 2 2 0.62 
: With extract from | 6.10.54 3 2 4 1 0.64 
untreated 2.11.54 | 1 u 1 4 0.88 
coleoptiles 6.12.54 2 3 4 1 a 0.64 
Total 2 9,1171 13 9 2 + | 0.68 
| 
Ill 1.10.54 1 3 2 3 1 0.71 
3.10.54 1 2 2 3 1 1 0.74 
With extract from 6.10.54 1 3 1 3 1 0.80 
coleoptiles treated | 2.11.54 | 2 3 1 1 3 0.93 
with 10—2 if PCIB |) 6:12.54 al 3 2 1 0.72 
Total | 3" 9 11 13. 6 10e | 


experiment the control growth diverges from the growth of the other controls 
but even in this case growth, when extract is supplied, exceeds that of the 
control. The deviating growth in the fourth experiment must be due to 
some casual variation in an unknown factor. 


Statistical analysis 


The authors are very grateful to Dr. Bertil Matérn, Forest Research Insti- 
tute, Stockholm, for his working out the statistical analysis of the material 
given in table 2. The analysis is represented in table 3. Each experiment 
comprises three treatments and the analysis of variance has been carried out 
on the 15 observed values of average growth (the right column in table 2). 
The following variance ratios are obtained: 

99: x 

en —58.7*** for experiments and = 121.3%#* for treatments. 

Thus this analysis shows a significant difference both between experiments 
and treatments. In the case of the experiments this significance is due to the 


A 
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Table 3. Statistical analysis of the average growth values given in table 2. 


[Jen ee ee 


Sum of squares ‘Degrees of freedom| Mean squares 


Between experiments ......... 0.11740 | | 0.02935 


4 
Between treatments ......... 0.12133 | 2 0.06067 
EN 0.00400 8 | 0.00050 
Total 0.23273 | 14 | 


deviating growth in the fourth experiment. Between the four others there 
is no significant difference (p>0.5). The standard error of the difference 
between two treatment means is 0.014 and thus the difference between treat- 
ments I—II gives 0.12+0.014 and between II—III 0.10 + 0.014. 


Discussion 


The test method has already been described. Every measurement made 
has been reported and the statistical analysis has shown that the reliability 
of the results is beyond doubt. 

The results show that untreated coleoptiles contain a certain amount of 
extractable IAA and that this amount increases upon a treatment with PCIB. 
From this can be concluded that the effect of PCIB consists either in a libe- 
ration of IAA from some chemical complex or in preventing some IAA 
supplied by the tip from being consumed or bound in a non-extractable form. 
Two possibilities arise: that PCIB has a »sparing action» (cf, Henderson and 
Deese, 2, on the influence of 2,4-D on the IAA content of coleoptiles), for 
example by blocking the IAA oxidase, or that PCIB competes with IAA in 
some other reaction. Against the first possibility is the decrease in growth, 
which does not indicate such a sparing action. The second case is supported 
by the fact that PCIB has been shown to interact competitively with IAA. 

The site of competition must be one where IAA exerts its growth activity, 
or PCIB should not decrease the coleoptile growth. This result seems to form 
more direct evidence that PCIB and IAA compete at the point of IAA action. 
From the results it is further obvious that the amount of extractable [AA is 
no measure of the amount of auxin active to promote growth when the 
antagonistic substance PCIB is present. It is, therefore, stressed that deter- 
minations of extractable IAA must be interpreted with great caution as far 
as growth activity is concerned. 

Further investigations are being conducted on the subject. 
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Summary 


The amount of short-time extractable IAA in Avena coleoptiles is measured 
after treatment with 105 M p-chlorophenoxyisobutyric acid (PCIB). It was 
found that: 


1. Treatment with PCIB decreases the growth of the coleoptiles. 
2. Treatment with PCIB increases the content of extractable IAA. 


From the experimental data presented it is concluded that this effect of 
PCIB depends on a competition of PCIB and IAA at the point of IAA action. 

On account of the results measurements of the content of extractable IAA 
in Avena coleoptiles must be interpreted with great caution as far as growth 
activity is concerned. 
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In studying the various forms of auxin present in plant extracts it is often 
necessary to separate the acidic and the non-acidic components of the extracts. 
This is frequently done by shaking an ether extract with an alkaline, aqueous 
solution, which takes up the acid auxin, leaving the non-acidic substances 
in the ether. After separation of the two phases and acidification of the 
aqueous solution, the acid auxin can be shaken out with ether. 


Sodium bicarbonate is used most frequently as the alkaline component of the 
aqueous solution. Various acids have been used for neutralizing the bicarbo- 
nate and acidifying the solution. Because of the acid-sensitivity of indole-3- 
acetic acid (IAA), the pH-value of the solution should be kept above a certain 
limit during the shaking with ether; and the acid used should be very spar- 
ingly soluble in ether since otherwise its concentration would become too high 
when the ether is subsequently condensed. The ether-solubility of acetic and 
citric acids, which have been used in the fractionation of auxin-containing 
extracts, is by far too high; and hydrochloric acid is easily overdosed. Boysen 
Jensen (1941) recommended tartaric acid, which is sparingly soluble in ether 
and is an excellent buffer around pH 3. Tartaric acid has been used by a 
great number of workers including the writer. During a study of auxins ex- 
tracted from pollen grains, however, the writer found that ether shaken with 
a solution of tartaric acid contained materials which were inhibitory in the 
Avena coleoptile curvature test. This finding was briefly reported in a pre- 
vious paper (Larsen and Tung, 1950). It will be shown below that tartaric 
acid will yield satisfactory results under certain circumstances. As a general 
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procedure, however, careful titration of the bicarbonate solution with hydro- 
chloric acid to a pH-value of 2.7 to 2.8 is more reliable. 


Auxin Tests 


Auxin was determined in the Avena coleoptile curvature test using soil-grown test 
plants (Boysen Jensen, 1941) which were decapitated twice. Auxin was transferred 
to agar by a modification of Boysen Jensen’s ether-dropping method. This modi- 
fication and other details of the test have been fully described elsewhere (Larsen 
1955). The agar platelets had a final concentration of 1.25 per cent agar (shredded 
USP agar), 0.005 M Sörensen’s citrate buffer, and 0.001 M CaCle. The pH-value of 
the undiluted (0.1 M) buffer solution was 6.00, and that of the final agar mixture 
was 6.3—6.4, measured electrometrically. 


Partition of Indoleacetic Acid at Various pH-Values 


Procedure: 5.0 mg. of IAA were dissolved in 50 ml. of peroxide-free ether from 
which water had been frozen out. Serial dilutions were made in ether. A total of 
0.25 ug. of IAA dissolved in 12.5 ml. of ether was shaken three times in a separatory 
funnel, each time with 8.0 ml. water+2.0 ml. 0.50 M NaHCOs solution (pH=8.6). 
The addition of glucose to he aqueous phase (cf. Boysen Jensen) was omitted. 
Each shaking lasted for 3—4 min. The aqueous fractions were combined. In each 
experiment two 10-ml. portions of this solution, each containing 0.083 ug. of IAA and 
1.0 millimol of NaHCO3, were acidified with different quantities of 1.0 M tartaric 
acid or 1.0 N HCl solution. The pH-value reached with various quantities of the 
acids can be read from the titration curves A and B in Figure 1. For instance, the 
addition of 1.0 ml. 1.0 M tartaric acid results in a pH-value of 3.55; and 1.07 ml. 
1.0 N hydrochloric acid gives a pH-value of 2.8. After addition of the desired amount 
of acid, the aqueous solution was shaken with 3X9 ml. of ether. The three ether 
fractions were combined and their volume was adjusted to 25 ml. Of this solution, 
0.9 ml. were evaporated on a 0.1-ml. agar platelet. If all auxin is recovered, the 
0.9 ml. contain 0.0030 ug. of IAA. Theoretically, the maximum concentration of 
IAA in the agar platelet is thus 30 ug./l. The actual concentration was read from a 
standard activity curve and expressed as percentages of 30 ug./l. 

The theoretical recovery of IAA in three shakings was computed on the basis of 
the following data: 

(1) The pK-value for IAA at 20° C.: 4.65 (mean of values quoted by van Overbeek 
et al., 1951). — (2) The pH-value of the aqueous solution. The ratio A of dissociated 
to undissociated IAA was computed from (1) and (2): log A=pH — pK. — (3) The 
partition coefficient for undissociated IAA distributed between wet ether and ether- 
saturated water: 9.4 (Dolk and Thimann, 1932). This value actually refers to +1° C 
but no correction was made for temperature. c 


(4) The mutual solubilities of water 
and ether: 3 ml. water in 100 ml. ether, and 8 ml. ether in 100 ml. water; thus 9 ml. 


of ether+e.g. 11 ml. of water will make 8.3 ml. of wet ether+11.7 ml. of ether- 
: saturated water. The corrections computed for the first shaking were applied un- 


changed to the second and third. — The calculations were made as follows (com- 
pare Table 1). 
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Figure 1. Partition experiments. — Curves A and B: pH-values of the aqueous phase 
(10 ml. 0.10 M NaHCO3) during successive stages of titration with 1.0 M tartaric or 1.0 N 
hydrochloric acid. Volumes of acid indicated at the left-hand ordinate. 


Curve C: Theoretical recovery of IAA in three shakings at the pH-values indicated. 
Data from Table 1. Right-hand ordinate. — Crosses: Experimental recovery of 0.083 ug. 
of IAA dissolved in 8 ml. water+2.0 ml. 0.50 M NaHCOs. Acidification with 1.0 M tartaric 
acid. — Curve D (Circles): As above, except that acidification was done with 1.0 N HCl. 
— Triangles: Recovery of IAA and auxin extracted from Avena coleoptiles. Aqueous phase 
buffered with Na2HPO4 and citric acid. Recoveries expressed as percentages of curvature. 
Data from Terpstra (1953, Table 1). — Curve E: Recovery of 0.1 ug. of IAA from solutions 
of HCl or NaOH (cf. text). Data from Gordon and Sanchez Nieva (1949, Fig. 1). 


The quantities of IAA in the system may be termed a (dissociated molecules in 
the aqueous phase), b (=undissociated molecules in the aqueous phase), and c 
(=IAA in the ether). It is assumed that only undissociated molecules are soluble in 
ether, although it is possible that wet ether may contain a small fraction of dis- 


a 
sociated IAA. At equilibrium after the first shaking we have: (1) log „=pH — pK; 


] f eth 
ee A a=bA. (2) op ge — ee =B; c=bB; (3) Fraction in ether= 
b b volume of water 
B 
Be I = = . For convenience in the subsequent calculations this 
a+b+c bA+b+bB A+1+B 
B 


ira B : 
expression is converted to ~~ in which ar may be termed C. The fractions 


1 EE 
ea 
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Table 1. Computation of the theoretical recovery of IAA in three subsequent partitions 
between ether and water at various pH-values. 


Fraction of IAA present in 


| Ü B = ratio a ] 
= rati a 2 e ether phase in each of 
di hoe ier wf PRD eter = three subsequent Theoret- 
hide Né à undiss. IAA in aq. B partitions, % ical reco- 
PH lundiss. IAA 2 3 7 m | ——— = very, % 
ENS is Vol. ether i7al1 i= F,= oh fF y= FE IR 
m aqurous et) a eae 100C| 100c | 100C | "zit 
phase.! Son die | : ; 
>  E (Vol. ether=8.3 ml) 1+C| (1+C) | (1+C) 
2.65) 0.01 11.80 6.61 ‚6.54 86.74 11.50 1.53 99.8 
3.65 0.1 11.60 6.73 6.12 85.96 12.07 1.70 | 99.7 
4.65) 1: 11.20 6.97 | 3.48 77.68 17.34 3.87 | 98.9 
5.00! 2.239 11.20 6.97 12.15 | 68.25 21.67 6.88 | 96.8 
5.35) 5.012 11.20 | 6.97 1.159 53.68 24.86 11.52] 90.1 
5.65 10. 11.20 | 6.97 0.634 | 38.80! 23.75 14.53: | 771 
6.00 22.39 11.16 6.99 0.2988 | 23.01 17:71 13.64 54.4 
6.65 100 11.00 7.09 0.0702 6.56 6.13 5.73 | 18.4 
7.00 223.9 10.85 TAD 0.03197; 3.10 3.00 2,910 9.0 
7.65] 103 10.70 1.29 0.00728 0.72 0.72 0.71 2.2 
8.65| 10% | 10.70 7.29 0.00073, 0.07 0.07 | 0.07 0.2 


1 From log A=pH — pK, in which pK=4.65. 


of the total amount of IAA present in the ether phase in each of three subsequent 
C C C 
shakings are then h= 6; fe= (1+c)® fs= a +o 

The various steps in the computations are shown in Table 1; and the per- 
centage of IAA present in the combined ether fractions is plotted in Figure 1, 
Curve C. This curve shows the efficiency of three shakings with ether. For 
instance, at pH=5.35 only 16.63 per cent of the IAA is in the undissociated 
state. One shaking with ether (11.20 ml. ether-saturated water+8.30 ml. wet 
ether), however, removes 53.7 per cent of the total amount of IAA. The 
second and third shakings remove 24.9 and 11.5 per cent, respectively. Three 
shakings thus remove 90.1 per cent of all IAA in the aqueous solution. The 
explanation of this high yield lies in the fact that removal of undissociated 
IAA from the aqueous phase leads to association of some of the dissociated 
molecules, which are thereby converted to the ether-soluble form, 

It is evident from Table 1 that even at a favorable pH-value, such as 2.65, 
more than one shaking is needed to remove a quantity of IAA which is 
sufficiently close to 100 per cent. On the other hand, even at pH 5.0, three 
shakings will remove 96.8 per cent of the IAA. The data of Table 1 may also 
have some bearing on the importance of adjusting the pH-value of the 
aqueous phase in plant material from which it is desired to extract auxin with 
ether. If the pH-value is too high, even a large number of changes of ether 
will not remove all of the auxin, In extraction work, however, the ratio of 
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ether to water is generally more favorable than in the examples shown in 
the table. 

The recovery IAA obtained in three shakings at various pH-values is 
shown in Figure 1 in which the crosses and circles represent experiments with 
tartaric and with hydrochloric acid, respectively. Over the range of pH-values 
from 8.7 to 2.4 the points are fairly close to the theoretical yield (Curve C). 
When the pH-value is reduced below 2.4, however, there is a steady drop in 
recovery (Curve D). The triangles (Terpstra, 1953) indicate recoveries from 
solutions buffered with Na,HPO, and citric acid. These values are also in 
fairly good agreement with expectation. Curve E represents recoveries found 
by Gordon and Sanchez Nieva (1949) in experiments in which 0.1 ug. of IAA 
in 25 ml. of water was partitioned 3 times with 3 volumes of ether after the 
pH-value of the aqueous phase had been adjusted with HCl or NaOH. Except 
at pH 2.6 and 2.8 the recoveries are considerably lower than the theoretical 
values (which are higher than indicated by Curve C in Figure 1 since the 
ratio between ether and water was 3 to 1). Part of the explanation of the 
course of the recovery curve found by Gordon and Sanchez Nieva may be 
sought in the fact that the acidity in solutions of strong acids is very poorly 
defined at pH-values higher than ca 3.5. 

lt is evident from Figure 1 that an inactivation of IAA occurs at pH-values 
lower than ca. 2.5. Partition should, therefore, be carried out at somewhat 
higher pH-values: and the same precaution should be taken in extractions 
of auxin from plant material. 


Choice of Acid for Adjusting the Acidity 


On the basis of the results shown in Figure 1 it seemed natural to use 
tartaric acid for adjusting the acidity of the aqueous phase and carry out 
partitions at pH-values between 3.5 and 4. This procedure yielded excellent 
results with about 0.08 ug. of IAA or more in the original ether. With less 
than 0.08 ug. in the original ether solution, however, a 100 per cent recovery 
was never obtained. As mentioned above, the final solution of IAA in ether 
was made up to 25 ml. When 0.08 ug. of IAA was present in this volume, 
less than one ml. was required for one auxin determination. With decreasing 
total amounts of IAA, the volume needed for one determination had to be 
increased, but at the same time the percentage of IAA recovered seemed to 
become lower and lower. Such results indicated that the final ether solution 
might contain a constituent which reduced the curvature of the test plants. 
This constituent might be tartaric acid or it might be some impurity contained 
in the chemicals (NaHCO, or tartaric acid). These possibilities were inves- 
tigated in a series of partition experiments carried out as above, but without 
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Figure 2. Inhibitory effect of ether extracts of tartaric acid. 11 ml. of an aqueous solution, 
containing 0.95 millimols of NaHCO 3 and the desired amount of acid, were shaken with 
three 9-ml. portions of ether which were then combined and adjusted to 25 ml. — Curve 
A: 0.5 millimols of tartaric acid. pH=4.7. — Curve B: 2.0 millimols of tartaric acid. 
pH=2.9. — Abscissa: Number of ml. of auxin-free ether extract evaporated on 0.1-ml. 
agar platelets together with 0.0040 ug. of IAA dissolved in 4 ml. ether. — Ordinate: Appa- 
rent concentration of IAA expressed as percentages of the control value, 40 ug./l. 


IAA. Various quantities of the final, auxin-free ether solution were evaporated 
on 0.1-ml. agar platelets together with a solution of 0.0040 ug. of IAA in 4 ml. 
ether. The resulting curvatures were converted to concentrations of [AA and 
expressed as percentages of 40 ug./l. 


The bicarbonate proved to be harmless. Ten ml. of ether were shaken with 3 
successive portions of 8 ml. water+2 ml. 0.5 M NaHCOs (pH=8.6). The ether 
volume was readjusted to 10 ml. and various amounts tested as described. The 
concentration of IAA found with 3 ml. of »bicarbonate extract» was 102 per cent 
of the control, and with 7 ml. it was 95, 95, and 105 per cent in three experiments. 
These determinations also show that the ether itself, at least in the quantities used, 
is without any effect on the response of the test plants. 

Ether shaken with bicarbonate solutions which had been acidified with tartaric 
acid, on the other hand, reduced the curvatures of the test plants. Figure 2 shows 
that the apparent concentration of IAA in the agar becomes lower and lower when in- 
creasing amounts of »acid ether» are evaporated on the platelets. Essentially similar 
results were obtained with natural auxins (extracted from maize endosperm) by 
Mr. Edwin Alder, working in this laboratory (unpublished). 

These results might be explained by the fact that tartaric acid is somewhat soluble 
in ether. Increasing amounts of tartaric acid transferred to the agar platelets would 
lower the pH-value of the agar which might thereby become too acid for maximal 
response of the test plants to a given concentration of IAA. 


The reduction of curvature might, however, also have been caused by 
impurities in the solution of tartaric acid. The particular solution which was 
used for the experiments shown in Figure 2 had been stored at +5° C. for 
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Figure 3. Formation of the inhibitory factor in solutions of tartaric acid. Same general 
procedure as described in legend to Fig. 2. — Crosses and circles: 1.9 millimols of NaHCOs 
+2.0 millimols of tartaric acid. pH 3.5. 5 ml. ether tested each time. — Crosses: An 
aqueous solution of tartaric acid (1.0 M) made up, tested at zero time, stored at +5° C., 
and re-tested at intervals. Increasing inhibition with aging. Three ether-shakings of the 
eight-day-old solution (arrow) remove the inhibitor. Inhibitor present again after 7 more 
days. — Circles: Ether fractions tested on the 1st, 3rd, and 15th day were stored at-+5° C. 
and re-tested at intervals. Concentration of inhibitor increases. — Triangles: 34 ml. of 
an aqueous solution containing 11.4 millimols of NaHCO3+12.0 millimols of tartaric acid. 
pH 3.5. Shaken with four 26-ml. portions of ether. Ether adjusted to 100 ml. and stored 
at +5° C. 8 ml. ether tested each time. Increasing inhibition with aging. 


several weeks. Ten ml. of this solution (conc.: 1.0 M) were shaken with three 
or six 10-ml. portions of ether. The ether fractions were discarded, and the 
purified tartaric acid was used for acidifying bicarbonate solutions to pH 3.5. 
These solutions were shaken with three 9-ml. portions of ether in the usual 
manner, and the resulting »acid ether» (25 ml) was tested for inhibitory 
activity against IAA (40 ug./l). It was found that the inhibitory effect of 
tartaric acid could be reduced by shaking the solution with ether before use. 
The results of a similar experiment are included in Figure 3. These results 
indicate that only part of the inhibitory activity of the ether-extract may be 
due to dissolved tartaric acid. A considerable part of the inhibitory activity 
seems to stem from impurities which can be removed by shaking with ether. 

A series of experiments were carried out in order to study the effect of 
storage on the formation of the inhibitor (s). In Figure 3 the full lines represent 
experiments with tartaric acid which had been stored at +5° C. in aqueous 
solution (1 M) for various periods of time before it was used for acidifying 
bicarbonate solutions to pH 3.5. The figure shows that the growth-retarding , 
effect increases gradually during the first 8 days after the solution was made 
up. On the 8th day, the solution was purified by three shakings with ether 


1 


before use. This treatment removed the growth-retarding factor, but after 7 
additional days at +5° C. the solution had the same inhibitory effect as just 
before the purification. The broken lines in Figure 3 represent the results of 
experiments in which the ether solutions obtained by shaking the acidified 
solutions (at pH 3.5) were tested for inhibitor after storage at +5° C. for 
various periods of time. These experiments show that the inhibitory effect 
of such ether solutions increases during storage at +5° C. 
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The solutions of tartaric acid were not sterilized, so the possibility existed that 
microorganisms were responsible for the formation of the inhibitor in aqueous 
solutions. This is of cause excluded as far as the solutions in ether are concerned. 
It is not very likely, however, that a sufficiently active microflora should develop 
in aqueous solutions having a pH-value of 1.5 and stored at +5° C. for only 3 days, 
after which a distinct inhibition could be demonstrated. Fungal mycelia had deve- 
loped in a 1.0 M solution of tartaric acid which had been stored at +5° C. for 
7 1/2 months. This solution proved to contain auxin, about 5X 10% ug. per ml,, 
computed as IAA. (Since this auxin is stable at pH 1.5, it may not be IAA, but no 
attempt was made to establish its chemical nature.) This result does not support 
the assumption of a microbial formation of inhibitor. The following experiment 
shows beyond doubt that the formation of the inhibitor can take place without the 
participation of microorganisms. 

Two millimols (—300 mg.) of crystalline D-tartaric acid were weighed out and 
added to a solution of 1.90 millimols of NaHCOs in 10 ml. of water (pH 3.5). The 
mixture was shaken out immediately with 3X9 ml. of ether. The volume of ether 
was adjusted to 25 ml.; and 5 ml. were tested together with IAA, 40 ug./l. The 
apparent concentration was 69 per cent of the control. When 5 ml. of the same 
ether solution were tested the following day, the apparent concentration of IAA 
was 60 per cent. Thus 31 per cent and 40 per cent inhibition were found in spite 
of the fact that the tartaric acid was present in aqueous solution for only about 
15 minutes (namely during the shaking) before the inhibitor was removed. A repe- 
tition of the experiment yielded similar results. It is unknown why the inhibitor 
can be detected sooner after the addition of erystals than after addition of the same 
amount of acid in the form of an aqueous solution. 


In contrast to the above-mentioned results no inhibitory factor was present 
in the ether when hydrochloric acid was used for acidifying the bicarbonate 
solution. Examples: (1) 6.2 ml. water+3.8 ml. 0.50 M NaHCO,+2.0 ml. 1.0 N 
HCl (pH 2.2), were shaken with three 9-ml. portions of ether. The volume of 
the resulting »acid ether» was adjusted to 25 ml.; and 12 ml. were evaporated 
on a 0.1-ml. agar platelet containing 40 ug. of IAA per I. The resulting curva- 
tures corresponded to 95 per cent of the theoretical concentration. (2) 8.1 ml. 
water+1.9 ml. 0.50 M NaHCO; +1.15 ml. 1.0 N HCl (pH 1.9) treated as in (LE 
The concentration of IAA found with 5 ml. of the »acid ether» was 110 per 
‚ cent of the control value. 


In the two examples the solutions were made considerably more acid than 
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required for a satisfactory recovery of IAA in the partition experiments. In 
spite hereof, no inhibitory effect was observed in ether extracts of the acidi- 
fied solutions. As a consequence, hydrochloric acid must be considered suit- 
able for acidifying the bicarbonate solution if a sufficiently stable acidity 
could be maintained in the region in which IAA is stable, i.e. at pH-values 
above ca. 2.4. As seen from the titration curve B in Figure 1 this leaves the 
narrow region between pH 2.4 and pH 3.0, which is traversed by less than 
0.1 ml. of 1.0 N HCl solution. Under these circumstances the accuracy in 
volumetric measurement of the solutions of bicarbonate and acid is hardly 
sufficient. The accuracy might be increased by diluting the acid, but since 
all the bicarbonate will have to be neutralized, any considerable dilution of 
the acid would result in large volumes of aqueous solution, which would 
require large volumes of ether in the subsequent partition. Any increase in 
the accuracy of measuring, however, is offset by the fact that ether extracts 
of plant material may contain an unknown quantity of organic acid. The only 
reliable procedure is to control the acidity of the acidified solution either by 
electrometric measurements or by means of an indicator. Figure 1 shows the 
results of partitions in which the pH-value was measured electrometrically. 
Terpstra (1953) recommended the use of methyl orange as an indicator. On 
the basis of this recommendation the following standard procedure was 
worked out. 


The volume of the ether extract is adjusted to 10 or 15 ml., and the extract is 
shaken with three portions of 7 ml. water+2.0 ml. 0.50 M NaHCOs solution. The 
aqueous fractions are combined and titrated carefully with a 0.5 N HC] solution, 
using 5 drops of a 0.02 per cent aqueous solution of methyl orange as an indicator. 
After the color ofthe solution has changed from yellow through orange to clear 
red (pH 3.5), two more drops of the acid should be added. During the color change 
the solution should be shaken with special care to drive off all carbon dioxide. 
When working with solutions of pure IAA, approximately 6.30 ml. 0.50 N TICi 

-solution is required to reach a pH-value of 2.75. The aqueous solution is now 
shaken with 3X18 ml. of ether. The ether fractions are combined and evaporated 
to 25 ml. which constitute the acidic fraction of the ether extract. 


In control experiments by Terpstra (1953) and by Mr. Edwin Alder in 
the present laboratory (unpublished) the indicator remained in the aqueous 
phase and proved to be without any influence on the response of the test 
plants. — It might be possible to select an indicator the effective range of 
which agreed more closely with the usable range of pH-values (2.5—3.0). 
The indicator should be soluble in water without the addition of alcohol, 
and its effect on the curvatures of Avena test plants should be negligible. 


23 
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Quantities of Acid Transferred to the Agar 


The results of the experiments on storage and purification of solutions of 
tartaric acid seemed to indicate that the growth-retarding effect of ether 
extracts of such solutions was not due exclusively to the small amounts of 
tartaric acid which passed into the ether. A special study, however, was made 
for the purpose of estimating the actual content of tartaric acid and HCl in 
the various ether solutions. In these experiments the ether was evaporated, the 
residue dissolved in 10 ml. of water, and titrated with 0.01 N NaOH, using 
phenolphtalein as an indicator. Since 100 ml. distilled water required 0.90 
ml. of 0.01 N NaOH for neutralization, a blind value of 0.09 ml. was sub- 
tracted from all the titration values. 


Solubility of tartaric acid in wet ether. Twenty ml. of water-saturated ether was 
poured on various quantities of crystalline tartaric acid. The suspensions were shaken 
occasionally and left for 24 hours. The ether was decanted off, and 1-ml. portions 
were titrated. The following quantities of tartaric acid were used: 0.33 g., 0.80 g. 
and 1.20 g. The corresponding concentrations of acid in the ether were 5.31, 5.33 
and 5.68 millimols per 100 ml., respectively. If the highest value is taken, this 
corresponds to 852 mg. of D-tartaric acid in 100 ml. of ether. In the Handbook of 
Chemistry and Physics (1954, p. 1165) the solubilities of DL- and D-tartaric acids 
are given as 0.87 and 0.44 g., respectively, in 100 ml. of ether at room temperature. 
It was presumed that these values referred to dry ether, and that water-saturated 
ether might dissolve more. When a saturated solution of tartaric acid was kept 
at minus 25° C. for 24 hrs., the major part of the water was frozen out. The con- 
centration of tartaric acid in the ether, however, remained unchanged. 

The coefficient of partition of tartaric acid between wet ether and ether-saturated 
water was determined by partitioning 5 or 10 millimols of the acid between 15 ml. 
of water and 25 ml. of ether. The two dissociation constants of tartaric acid are 
(at 18° C.): Ki=9.6X 10-4 and K2=2.8X 10-5; pKı=3.02 pK2a=4.55 (Kolthoff 1932 
p. 389). The second dissociation constant could be neglected in the computation of 
the acidity. The pH-values of the two solutions were 1.73 and 1.58, respectively 
(calculated). At these pH-values the fractions of undissociated tartaric acid are 94.5 
per cent and 96.0 per cent, respectively. At equilibrium, the concentration of tartaric 
acid in the ether phase may be called a, and in the water phase b; the partition 


coefficient thus equals C= ss 


Bandas. teachon The mean of the C-values was 3.75 


X10—%. On the basis of this value and the first dissociation constant of tartaric 
acid the concentration of acid in the ether in the various partition experiments was 
computed. Some of the computed values were verified by titration (Table 2). 

Solubility of hydrochloric acid in wet ether. A mixture of 1 ml. concentrated HCI- 
solution and 30 ml. water-saturated ether was shaken occasionally and left for 24 
hrs. The ether was decanted off, and 1- and 2-ml. portions were titrated. The con- 
centration of acid in the ether was 1.28 millimols per 100 ml. This experiment 
shows that wet ether does dissolve HCl. Whether the acid is present in dissociated 
form in the water dissolved in the ether, or for instance as dissolved, undissociated 
gas, is of minor importance in the present connection. 


D 
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Table 2. Content of tartaric acid in the combined ether fractions after three partitions 
at different pH-values. Comparison between computed amounts and amounts determined 
directly by titration. 
mn ee en u ee FE IE TE N Bi SE 


Ahikrof ak Volume of | Total content of acid 
Saeco er N Volume of aq.| pH of aq. lether foreach| in combined ether 
Millimotla miillimate | phase, ml. phase of 3 shakings,| fractions, micromols 
ml. Computed | Titrated 
0.95 2.00 11.7 2.9 8.3 71.15 7.6 
3.00 3.00 32.1 3.6 15.9 3.12 3.25 
3.00 1.58 32.1 4.7 15.9 0.16 < 0.2 


The coefficient of partition of HCl between wet ether and ether-saturated water 
was determined in the same manner as the partition coefficient of tartaric acid, 
with the exception that the computations were based on the total concentration of 
HCl, assuming that no undissociated fraction was present. The partition coefficient 
of HCl was found to be of the order of 3X 10%, ie. less than one tenth of that 
of tartaric acid. By using this value the quantities of HCl in the ether fractions 
obtained in the various partition experiments were computed. The computations 
were based on the excess of HCl present in the aqueous phase after neutralization 
of the bicarbonate. The actual quantities of HCl in the ether fractions were so 
small that they could not be determined with the titration technique which was 
used for tartaric acid. The titration values with 0.01 N NaOH were of the same 
order as the blind value (0.09 ml.). No attempt was made to make accurate deter- 
minations, since this result clearly indicated that the content of HCl in the ether 
was lower than 3X 10-* millimols in 25. ml. 

Acidity of the agar. The test agar was buffered with Sörensen’s citrate buffer: 
58.7 ml. 0.1 M citrate plus 41.3 ml. 0.1 M NaOH solution. The pH-value of this 
mixture is 6.0. In the agar, the concentration of the buffer is 0.005 M; and CaClz 
is present in a concentration of 0.001 M. The pH-value of the mixture at this dilu- 
tion is 6.43. Tests were carried out with 0.1-ml. agar platelets on which various 
volumes of ether solution had been evaporated. The quantities of tartaric or hydro- 
chloric acid transferred to the agar in the various partition experiments were com- 
puted from the data given in the preceding paragraphs. The concentration of acid 
in the agar can thus be computed. (Table 3) Solutions having the same concentra- 
tions of buffer and acid as those computed for the agar were made up; and their 
pH-values were measured electrometrically. These values are entered in Table 3 


as pH of agar. 


In Table 3 the inhibition of the response of the test plants is expressed as 
the difference, in percentages, between the actual and the apparent concen- 
tration of IAA. This value is compared with various other data concerning 
the partition experiments. 

It is evident that the quantities of hydrochloric acid which are transferred 
to the agar are quite small and have little influence on the acidity of the agar, 
even when partition took place at the extreme pH-values of 1.9 and 2.2. The 
small changes in the pH-values of the agar do not seem to have any measur- 
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Table 3. Partition of tartaric and hydrochloric acids between ether and water at various 

pH-values. Concentration of acid in the combined ether fractions, which were adjusted 

to 25 ml. Influence of various amounts of »acid ether» on the pH-value of the agar and 
the response of Avena test coleoptiles. 


= 8 | #7 2 3.338 ee 

° LE: = Boe Sse Ss See 

oc 2 DE Gus = S = 3.7 ° 

| 0/2 0| & a Ses & 9558 | 8° 

| Acid used |% S | © 4 SB. One CNE = 538 Fe 
| OÉLNSEl © cae Es Sa 8 = = E31 32 
„eslesa|l S | 88 22 | 3243 1823%| 38 

CCI EIRE 22% Se = So OG! aa 
aZ68\a0 8) à Own See a Sa > Sea 

| _.if 5 |315X10-4| 6.24 0 —5 
HCl 0.90 | 1.15 |1.9 | 6.30 X10-6 { 25 |158K10-3| 557 = 
| Hcit 1.85 | 2.00 |2.2 |3.52X10—6| 12 |4.21X10-4| 6.17 0 
| HCI, stan- lf 1 |259X10-5| 6.42 0 
dard pro- $| 3.00 | 3.15 | 2.75, 2.59 X 10-614 10 |2.59X10-4| 6.25 0 

| cedure? 25 |6.148X10—4| 6.05 0 
1 |286X10-5| 6.42 | 0.5 0 

| 2 |5.72%X10-5| 6.40 1.0 20 
| Tartarie ner 5 11.43% 10-4) 6.28 2.0 32 
acid! | 0964 08 TED ages sae ae Ba 47 
| 10 |2.86X10—1| 6.09 5.0 47 
| 12 |3.44X10-4| 6.05 6.0 87 
Coe If 1 |3.10%10-3| 4.09 2.0 8 
am } 0.95 | 2.0 [2.9 |3.10X 10-44 2 |6.20X 10-3] 3.43 4.0 57 
= | ılıo |310X10-2| 2.60 | 20.0 100 


! Volume of aqueous phase ca. 11 ml. Volume of ether for each of 3 shakings 9 ml. 
? Volume of aqueous phase ca. 33 ml. Volume of ether for each of 3 shakings 18 ml. 
® Agar buffered with 0.005 M citrate buffer, pH=6.43. 

* Not tested. 


able influence on the response of the test plants since no inhibition greater 
than 5 per cent was found. 


Data for two series of experiments with tartaric acid are given in Table 3. 
In the first series, only 0.5 millimols of tartaric acid were present. Using this 
amount of acid, considerable inhibitions are observed, but the changes in 
the pH-value of the agar are of the same order of magnitude as those found 
with quantities of HCl which produced no inhibition. Already these results 
indicate that the inhibition caused by tartaric acid is not due to its influence 
on the acidity of the agar. In the second series (with a total of 2 millimols 
of äcid) the changes in the pH-value of the agar are much greater, but the 
inhibitions at pH-values of 3.4 and 4.1 are smaller than the inhibition at pH 
6.05 in the first series. The relationship between the pH-value of the agar and 
Ihe amount of inhibition in the two series is plotted in Figure 4, curves A 
and B, It is evident from this figure that the amount of inhibition is not deter- 
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INHIBITION, % 


pH CAB) OR P (C) 


Figure 4. Inhibitory effect of ether extracts of mixtures of NaHCO3 and tartaric acid. 

Compare Table 3. — Ordinate: Inhibition of response of test plants to IAA, 40 ug./l. 

Difference, as percentages, between actual and apparent concentration, — Abscissa for 

Curves A and B: pH-value of agar after evaporation of ether extract on platelet. — Abscissa 

for Curve C: Product (P) of total amount of tartaric acid added to the aqueous phase 
and volume of ether extract tested. 


mined by the acidity as such, since for instance 50 per cent inhibition can be 
obtained both at pH 6.05 and at pH 3.5. 

A closer relationship seems to exist between the inhibition and the value P 
entered in Table 3. P is the product of the total amount of tartaric acid added 
to the aqueous phase and the volume of ether evaporated on the agar platelet. 
The inhibition is plotted against P in Figure 4, Curve C. In this plot the values 
from the two series of partition experiments can be visualized as belonging 
to one curve. This is impossible if inhibition is plotted against the pH-value 
or the concentration of tartaric acid in the agar. If the inhibition is indepen- 
dent of the latter and proportional to P, the partition characteristics of the 
inhibitor must be quite different from those of the free tartaric acid, The 
inhibitor can thus not be identical with free tartaric acid. The inhibitor was 
formed during storage in three different brands of analytical grade D-tartaric 
acid. 

The principal purpose of the present study was to work out a reliable 
partition procedure. As a result, hydrochloric acid is recommended in pre- 
ference to tartaric acid. The nature of the inhibitor formed in solutions of 
tartaric acid, however, was not investigated further. 


Summary 


1. The characteristics of partition of indole-3-acetic acid (IAA) at various 
pH-values were studied. Practically 100 per cent of the auxin can be recovered 
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in the ether fractions by three subsequent partitions between ether and water 
(in the proportion of 1:1 or 2:3) at pH-values ranging from 2.5 to 4.7. 
At pH-values lower than 2.5, IAA becomes inactivated. 

2. A substance which reduces the response of Avena test plants to a given 
concentration of IAA is formed in solutions of tartaric acid during storage 
at +5° C. When such solutions are used for acidifying solutions of IAA and 
NaHCO, and these are shaken with ether, the inhibitor passes into the ether 
phase. The inhibitor is also formed in ether extracts of tartaric acid, but is 
not identical with this acid. 

3. The formation of the growth inhibitor in solutions of tartaric acid does 
not preclude the use of this acid for acidifying the aqueous phase when the 
total amount of IAA present is 0.08 ug. or higher. When smaller quantities 
of IAA are present, however, it is necessary to test larger volumes of the final 
ether solution; and thereby the concentration of inhibitor in the agar will 
become high enough to produce a noticeable reduction of the response of the 
test plants. 

4. Hydrochloric acid is very sparingly soluble in ether and has a partition 
coefficient (ether/water) of the order of 3X10~*. Ether shaken with 0.01 N 
solutions of HCl and evaporated on agar together with IAA had no inhibitory 
effect on the response of the test coleoptiles. 

5. As a general procedure for the acidification of a solution of auxin and 
bicarbonate it is recommended to titrate the solution carefully with a 0.50 N 
solution of HCl, using a 0.02 per cent aqueous solution of methyl orange as 
an indicator (Terpstra, 1953). When the color of the indicator has changed 
from yellow through orange to clear red, two more drops of the acid should 
be added per 30 ml. aqueous solution (final pH 2.7—2.8). In subsequent parti- 
tions between ether and water, the indicator remains in the aqueous phase 
and is without any influence on the response of the test plants. 


The work reported in this paper was carried out in the Laboratories of Plant 
Physiology at the Universities of Copenhagen, Chicago, and Bergen during the 
period 1948—1954. The work was supported in part by grants from the Dr. Wallace 
C. and Clara A. Abbott Memorial Fund of the University of Chicago, and from 
Norges Almenvitenskapelige Forskningsräd. 
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Studies on the Browning and Blackening of Plant Tissues. 
IH. Occurrence in the Leaves of Dahlia and Several Other 
Plants of Chlorogenic Acid as the Principal 
Browning Agent 


By 
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Introduction 


Leaves of Dahlia variabilis show remarkable death-ring (Todesring in the 
sense of Molisch) on heating with a lighted cigarette tip or other heated 
objects, and, as is well known, become apparently black when they are killed 
by the first sudden frost in early winter. This black color produced on a leaf 
is not in fact black, but is due to the presence in the cells of amorphous brown 
particles and green chloroplasts. It is very likely that also in this case, as 
is the case with Stizolobium Hassjoo (9), there must be a substance or sub- 
stances responsible for this color change, that is, for the formation of brown 
color. We have been engaged in isolating the possible precursor of the brown 
substance, but there has been no hope of success yet in isolating it in a pure 
state. The aqueous or methanolic extract of the leaves of Dahlia gives a green 
color with ferrie chloride, an indication that there might be an orthodihydro- 
xyphenyl derivative which would be capable of changing into a brown sub- 
stance by an oxidase. We submitted the four fractions of the leaf extract to 
paper-chromatographic analysis and found that chlorogenic acid and caffeic 
acid were present in every fraction, and as they were readily oxidized by leaf 
polyphenoloxidase in solution to become brown, these two acids mav be 
regarded as the cause of the browning reaction of the leaves of Dahlia, 
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We have further examined Aralia cordata, Clematis paniculata, Cryptotae- 
mia japonica, Ilex latifolia, Inula salicina, Spiraea japonica var. ovatifolia, 
and Viburnum Sargentii, and found the presence of chlogenic acid in all of 


them. Of these, caffeic acid was accompanied by chlorogenic acid in Clema- 
tis and Viburnum. 


Experimental 


1. Extraction and fractionation of Dahlia leaf constituents. 


(Procedure A). One hundred grams of Dahlia leaves (a variety with white flowers) 
were picked and thrown into boiling water and boiled 1 hour. The extract was then 
filtered and the filtrate treated with aqueous lead acetate solution. The light 
brownish yellow precipitate was filtered, washed thoroughly with water and treated 
in a suspension in water with hydrogen sulfide. The precipitated lead sulfide was 
filtered off, the filtrate was decolorized with charcoal, and ethanol was added to 
the filtered solution. After filtering, the liquid was concentrated and exhaustively 
extracted with ether by shaking (ether extract II, aqueous solution I). The first 
filtrate of lead precipitate was treated with hydrogen sulfide, followed by filtering 
from lead sulfide and decolorizing with charcoal. The filtered colorless solution was 
concentrated (III). 

These three fractions reacted with the polyphenoloxidase preparations obtained 
from Dahlia and tobacco leaves, becoming brown in a few minutes. 

From each of these fractions ascending paper-chromatogram was run with a whole 
sheet of Whatman filter paper No. 54, solvent system butanol-acetic acid-water 
(4: 1:2) being applied (Fig. 1). 


On this paper-chromatogram there were found under ultraviolet light four 
clear zones: 1) pale yellow zone (R;—0.30—0.50), 2) deep yellow zone (R;= 
0.57—0.65), 3) bluish white zone (Rr=0.72—0.80), and 4) bluish white zone 
(R+=0.82—0.98), which were then cut from one another. Zones with R; values 
smaller than 0.30 were discarded because of its negative reaction with ferric 
chloride. These zones were separately extracted with boiling ethanol and the 
extracts were concentrated under diminished pressure to 0.5 ml. Of these 
concentrated extracts paper-chromatograms were made with Whatman filter 
paper No. 1 strip. The solvent systems used were butanol-acetic acid-water 
(4: 1:2) and 80 per cent phenol, and the spots were treated with ultraviolet 
light, Hoepfner’s reagent (sodium nitrite dissolved in 10 per cent acid to 1 
per cent (10), and ethanolic ferric chloride solution. 

As is shown in Figure 2, there were found several spots in each of the four 
chromatograms derived from these zones. Among them a spot of R; 0.58 was 
common. This spot fluoresced bluish under ultraviolet light and yellow when 
treated with ammonia gas, and became yellow by Hoepfner’s reagent and dull 
green by ferric chloride. From each of these chromatograms this spot was 
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cut out detecting under ultraviolet light and extracted altogether with warm 
90 per cent ethanol. The extract was concentrated and hydrolyzed in a vacuum 
of a Thunberg tube with N sodium hydroxide solution and after 24 hours 
standing neutralized with acetic acid to pH 7.2. Of this mixture paper chro- 
matogram was run with the solvent system butanol-acetic acid-water (4 : 1 : 2) 
and two spots representing caffeic and quinic acid, respectively, were obtain- 
ed. All these findings may be sufficient for identifying this spot with chloro- 
genic acid. 

From the zones I, II, and IV two other spots of R; values 0.78—0.83 and 
0.71—0.73, respectively, were found above that of chlorogenic acid. The 
former of them was identified with caffeic acid, and the latter may probably 
identical with isochlorogenic acid which was found by Burnes, Feldman, and 
White (3) in coffee beans, although these workers did not state its R; value. 
In order to confirm this, an extract of green coffee beans was paper-chromato- 
graphed as control, and there were found three spots (R;=0.84, 0.73, and 
0.63, respectively) representing caffeic acid, most probably isochlorogenic 
acid, and chlorogenic acid, the former two of which were identical with 


the two above mentioned. No other spot which reacted with ferric chloride 
could be found. 


(Procedure B). One thousand grams of fresh Dahlia leaves were extracted with 
5 1 cold ethanol and the filtered extract was concentrated to 100 ml. This was 
exhausted with ether which left on evaporation white crystals. The erystals proved 
to be identical with caffeic acid by direct comparison. The aqueous extract was then 


BROWNING AND BLACKENING OF PLANT TISSUES 361 


Figure 2. Chromatograms of I, 11, III, and IV zones, respectively, as shown in Figure 1. 

Fl, fluorescence under ultraviolet light; Fl. NHs, fluorescence under ultraviolet light after 

treating with ammonia gas; Hoepf. reag., Hoepfner’s reagent; FeCls, reaction with ferric 

chloride; B, blue; Br, brown; Y, yellow: pY pale yellow; pO, pale orange; G, green; pB, 
pale blue; R. red; pR, pale red; pBY, pale bluish yellow. 


exhaustively extracted with ethyl acetate. This extract gave a green color with ferric 
chloride and yellow precipitate with lead acetate. Despite all attempts, we failed in 
bringing chlorogenic acid into crystalline state. Hence it was subjected to paper- 
chromatographic separation by the above mentioned procedure, and the same frac- 


tions were obtained. 

The aqueous layer, after extracting with ethyl acetate, was mixed with 300 ml. 
methanol and the insoluble was filtered off. The methanolic solution was concentrated 
under diminished pressure to about 50 ml. and gave on standing colorless crystals 


of mineral salts (about 5 g.). 


After filtering these crystals, another colorless crystaHine substance was 
obtained in a small quantity and proved to be identical with citric acid after 
purification by recrystallisation from water. 

A third crystalline substance then separated from the mother liquor of citric 
acid. This was recrystallized from water to give white minute needles of m.p. 
above 280° (about 0.2 g.) which were identical with tyrosine as compared 
with authentic specimen on paper-chromatogram. 
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Figure 3. Chromatograms of the extracts each 
of untreated leaves, those treated at 100° for 
5 minutes, and those treated at 60° for 5 mi- 
nutes. 

Contr., Control; I, IV, Extract of untreated 
leaves; II, Extract of leaves treated at 100° 
for 5 minutes; III. Extract of leaves, which 
became black after heating at 60° for 5 minu- 
tes; 

M, methionine; T, tyrosine; Al, alanine: 
G, glycine; gl, glutamic acid; As, aspartic acid; 
Lac, lactic acid; Malo, malonic acid; Oxa, oxa- 
lie acid; Suc, succinic acid; mal, malice aid; 
Cit, citric acid; Tar, tartaric acid; Caf, caffeic 
acid; Chl, chlorogenic acid; Cit, citric acid. 


Caf 


8 Ù 


Chl} Chl 


0.470 G 


2. Behavior of chlorogenic acid and caffeic acid 
in the leaves while browning 


In an attempt to see how chlorogenic as well as caffeic acid behaves in 
leaves during the course of browning, the following experiments were carried 
out. Two lots of each 10 g. leaves were heated in a thermostat at 100° and 
60°, respectively, for 5 minutes. The former leaves remained green owing to 
the destruction of oxidizing enzyme, and the latter readily became black 
owing to the oxidation of these acids. Both of them were then minced in 
a blender and the juice was paper-chromatographed using butanol-acetic 
acid-water (4:1:2) by descending method. Chlorogenic and caffeic acid 
utterly disappeared, while in green leaves they are still present. It is very 
interesting to notice here, that in the leaves, which turned brown, glutamic 
acid almost disappeared, and on the other hand, alanine considerably increa- 
sed (Figure 3). 

In order to see whether or not glutamic acid give any favorable effect to 
the browning reaction of chlorogenic acid, the following preliminary experi- 
ment was made. 

One ml. of 0.1 per cent solution of chlorogenic acid, 1 ml, of 2 per cent sol- 
ution of polyphenoloxidase prepared from the leaves of Dahlia and tobacco, 
and I ml. of Mellvaine’s buffer solution of pH 6.8 were left for 1 hour with 
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or without 1 ml. of a 0.5 per cent solution of glutamic acid in N/5 Na,HPO,. 


The brown color was roughly twice strong in the experiment with glutamic 
acid as in that without it. 


3. Isolation of chlorogenic acid from coffee beans 


For the isolation of chlorogenic acid from coffee beans, Moores, McDermott, 
and Wood (13) applied isopropanol as extracting solvent. We could not, how- 
ever, find necessity of using this solvent, but found that ethanol was quite fit. 
The procedure is as follows. 


Two hundred and fifty g. af Javanese coffee beans (not roasted) were pulverized 
and extracted with ether. The ethernal extract left after evaporation white crystals 
(8.5 f.), which melted after recrystallisation from water at 223°. This melting point 
well coincided with that of coffeine and the mixed melting point test proved the 
identity of this crystalline substance with coffeine. The coffee bean powder, after 
extraction of coffeine and oily substance, was repeatedly extracted with boiling 
ethanol until ferric chloride gave no more reaction with the extract. The liquid was 
condensed by distilling under diminished pressure, when white crystals precipitated. 
These crystals melted at 240° and gave positive ferric chloride reaction, and proved 
to be the complex of potassium chlorogenate and coffeine (13) as described below. 

This complex product (1.8 g.) was added to a solution of 4 ml. of a tartaric acid 
solution (24 g. acid in 235 ml. water) and heated for 10 min. and then put in a 
refrigerator for a short while, when potassium bitartarate separated. After filtering 
by suction, the liquid was exhaustively shaken with chloroform to remove coffeine. 
Coffeine thus isolated melted at 228°; yield about 0.2 g. From the aqueous solution 
there precipitated chlorogenic acid after several days standing in a refrigerator. Yield 
about 0.65 g. M.p. 204°. All the reactions and R; values of this product were the 
same as those of chlorogenic acid described in literature. 


4. Preparation of caffeic acid 


Four g. of chlorogenic acid were heated in a mixture of 8 ml. 10 per cent aqueous 
‘caustic potash and 10 ml. water 30 min. at 30° followed by neutralisation with 2 per 
cent sulfuric acid. This solution was heated with charcoal and filtered. From the 
filtrate were obtained 4 g. of chlorogenic acid of m.p. 180°. 


- 5. Oxidizability of some phenolic substances with crude polyphenoloxidase 
with or without ascorbic acid 


Five g. of dry leaf powder of Dahlia, which had been prepared by mincing 
the fresh leaves in a blender with acetone or ethanol followed by drying in 
a desiccator, was extracted with 50 ml. water for 50 hours at 28° with the 
addition of thymol as desinfectant, and the filtered solution was used as 
the oxidase solution. As in the case of oxidation of dopa by means of leaf 
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Table 1. Oxidizability of various substrates by polyphenoloxidase of Dahlia leaves. 


Chlorogenic acid + (Brown) 
» »  -+ascorbic acid — 

Pyrogallol + (Brown) 
» +-ascorbic acid — 

Dopa + (Black) 
> +ascorbie acid — 

Catechol + (Brown) 
» +ascorbie acid — 

Dahlia leaf extract + (Brown) 
» » »  -+ascorbic acid — 

Caffeic acid + (Brown) 
» » +ascorbie acid — 
Rutin — 
» +ascorbic acid -— 
Tyrosine — 
» +ascorbic acid — 


Legend: Oxidase solution, 1 ml. Substrate, 0.5 per cent, 1 ml. Ascorbic acid, 1 ml. 
(=0.560 mg.) MclIlvaine’s buffer solution, pH 6.8, 1 ml. 14 hours, at room temperature. 


polyphenoloxidase (2), ascorbic acid inhibited the oxidation of the substrates. 
This phenomenon was also observed recently by Weurman and Swain (21). 
The results are shown in Table 7. 

It is noteworthy that neither rutin, although it has 3,4-dihydroxyphenyl 
group, nor tyrosine was oxidized. In this connection this oxidase may be a 
polyphenoloxidase similar to what we reported in the case of dopa of Stizo- 
lobium (2). 


6. Presence of chlorogenic acid in several plants 


There are many species of plants that show strong or more or less strong 
death-ring formation. Of these we investigated eight species by means of 
paper-chromatographic method as to the presence of chlorogenic acid with 
positive results in every case (Figures 4, 5). Those were Aralia cordata, Aucuba 
japonica, Clematis paniculata, Cryptotaenia japonica, Ilex latifolia, Inula 
salicina, Spiraea japonica var. ovatifolia, and Viburnum Sargentii, and about 
10 g. each of their leaves were extracted with boiling ethanol (50 ml.) three 
times, the combined extract concentrated by distillation, and the concentrate 
was chromatographed on filter paper. Sometimes when the spots separated 
difficultly, this concentrate was several times shaken with ethyl acetate, the 
combined ethyl acetate layer distilled off, and the residue paper-chromato- 
graphed after dissolving in a few ml. water. Besides chlorogenic acid, caffeic 
acid was also found in Clematis paniculata and Viburnum Sargentii. 
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Figure 4. Chromatograms of the leaf extracts of Aralia cordata, Cryptotaenia japonica, 
Spiraea japonica, var. ovatifolia, and Ilex latifolia, respectively. — Abbreviations as in 
Figures 2 and 3. 


In the case of Inula salicina a distinct spot, the R; value of which, however, 
completely coincided with that of caffeic acid, was found, but its color reac- 
tion is quite different from those of the latter. 

Among these examples Aucuba japonica is quite interesting in that it 
contains both aucubin and chlorogenic acid. Aucubin itself is very stable 
against polyphenoloxidase and splits into one mole each of aucubigenin and 
glucose when hydrolyzed by mineral acids or ß-glucosidase. The aglycone 
aucubigenin is on the contrary very unstable in the air and changes in the 
acid solution, in which it was formed, on spontaneous oxidation into a black 
substance of unknown structure. The blackening reaction of the leaves of 
this plant is accordingly ascribed to the hydrolysis of aucubin and oxidation 
of aucubigenin formed (8). As there has been found chlorogenic acid, it must 
be examined whether or not this substance also plays a role in the black- 
ening of Aucuba leaves together with aucubin. 

Fresh leaves of Aucuba were minced with 90 per cent ethanol and the tissue 
powder repeatedly extracted with cold ethanol until all of aucubin and chloro- 
genic acid were removed. For the detection of aucubin, ethanolic extract was 
each time hydrolyzed with hot hydrochloric acid and examined if the solution 
became black, and chlorogenic acid was tested with ferric chloride solution. 
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Figure 5. Chromatograms of the leaf extracts of Viburnum Sargenti, Clematis paniculata, 
Inula Salicina, and Aucuba japonica. Abbreviations as in Figures 2 and 3. 


When chlorogenic acid was treated with aqueous suspension of this Aucuba 
leaf powder thus prepared, no color change occurred, showing the absence of 
any polyphenoloxidase. Thus it was established that chlorogenic acid does 
not take part in the blackening process of Aucuba leaves. 


Discussion 


Chlorogenic acid was discovered by Robiquet (18) in 1837 in unroasted 
coffee beans as an acid, which gave a green coloration with ferric chloride. 
Thus acid was then isolated by Rochleder (19), who named it » Kaffeegerb- 
säure», but Payen (15), who studied it more elaborately, gave it the name 
»acide chlorogénique» on behalf of its difference from tannin and the green 
color it gave on the addition of ferric chloride. Quite indifferent from these 
authors, Ludwig and Kromayer (12) isolated in 1859 from sunflower seeds 
an acidic substance in amorphous state and gave it the name »Helianthsäure». 
This acid was proved to be identical with chlorogenic acid by the work of 
Gorter (7). Gorter (6) a little earlier (1909) published a paper on the wider 
occurrence of chlorogenic acid in higher plants by color test with ferric 
chloride. According to his description 227 species of 71 families from Cyathe- 
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aceae to Compositae were examined and 92 species proved to contain chloro- 
genic acid. 


In 1910 Charaux (4) also investigated the distribution of the acid and found 
it in 33 out of 42 species belonging to 11 families. Politis (16) developed a 
new method for identification of chlorogenic acid, which consisted in immer- 
sing plant tissues in 20 per cent ammonia for 10—20 hours and adding there- 
upon a drop of sulfuric acid. When chlorogenic acid is present, the color 
will be reddish purple, and in the material he used, that is, three species of 
Chrysanthemum, Ch. fruticcsum, Ch. leucanthemum, and Ch. japonicum, the 
ligulate flower petals were demonstrated to contain chlorogenic acid, while 
those of Rosa sp. (white flowered) and Spiraea sp. did not contain it. Politis 
(17) further investigated the distribution of chlorogenic acid in various organs 
of 42 solanaceous plants. 


Recently, chlorogenic acid has drawn not a little attention in view of food 
preservation, particularly that of fruits, because this acid might be the cause 
of their browning. From this standpoint Hulme (11) succeeded in isolating 
the acid in pure state from apples. 


In this connection, Weurman and Swain (21) have also made probable that 
chlorogenic acid might be one of the browning agents in apples and pears. 
In fact, Bradfield, Flood, and Williams (2) isolated this acid from ripe and 
unripe apples, pears, and leaves as well as shoots of pear trees. In the leaves 
and shoots of pear tree, it was accompanied by isochlorogenic acid, which 
had been isolated from coffee beans by Burnes, Feldman, and White (3). 
Corse (5) recently isolated another isomer of chlorogenic acid, neochlorogenic 
acid, from peaches. Isochlorogenic acid and neochlorogenic acid which are 
believed to differ from chlorogenic acid in that the position of the ester linkage 
in the former two is different from each other and from the former. The 
o-dihydroxyphenyl group of these three isomeric acids may be responsible 
for the dull green color produced by ferric chloride and for the oxidation by 


polyphenoloxidase. 


The work of Gorter, Charaux, and Politis were solely based on the color 
reactions, which, although to some extent reliable, involve some uncertainly 
in identifying chlorogenic acid. For this reason the need for reinvestigation 
on the distribution of chlorogenic acid in plant kingdom by means of paper- 
chromatography is keenly felt. 

It is not free of danger if we postulate chlorogenic acid, and possibly the 
two isomers and in some cases also caffeic acid as well, as the sole browning 
agents in plant tissues, because some plants contain aucubin (8), and others 
contain dopa (9) as browning agents. Besides Dahlia we have eventually con- 
firmed the presence of chlorogenic acid in the leaves of Aralia cordata, Aucuba 
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japonica, Clematis paniculata, Cryptotaenia japonica var. ovatifolia, Ilex lati- 
folia, Inula salicina, Spiraea japonica, and Viburnum Sargentii by paper- 
chromatographic method, and among them the three species, Clematis, Inula, 
and Viburnum contain also caffeic acid. 

Recently, Abumiya and Kobayashi (1) pointed out that the brown spots 
which are usually formed on the leaf blades of rice plant infected by a 
parasitic fungus, Piricularia oryzae, are caused by the oxidation of chlorogenic 
acid. A more interesting and noteworthy observation was made by Tamari 
and Kaji (20), who established in rice plant the presence of an antagonistic 
activity of chlorogenic acid against the growth-inhibiting action of piricularin, 
one of the toxic principles exuded by Piricularia oryzae. 


There has been some discussion about the physiological significance of 
chlorogenic acid, for example, its possible participation in plant respiration, 
which dates back to perhaps Oparin (14), but we confined ourselves in this 
report to its distribution and role as the browning agent in leaves. 


Summary 


1. Leaves of Dahlia variabilis, Aralia cordata, Clematis paniculata, Crypto- 
taenia japonica, Ilex latifolia, Inula salicina, Spiraea japonica var. ovatifolia, 
and Viburnum Sargentii contain among others chlorogenic acid as the agent, 
which gives rise to brown substance when subjected to oxidation by poly- 
phenoloxidase. Dahlia, Clematis, and Viburnum contain besides chlorogenic 
acid caffeic acid which is also oxidizable by this enzyme. The presence of 
these acids were detected by paper-chromatography. 

2. Leaves of Aucuba japonica do not contain oxidase, although they contain 
chlorogenic acid. 

3. Oxidation of chlorogenic acid by oxidase is inhibited to some extent by 
ascorbic acid. 

4. In the leaves which had been allowed to stand at about 60° for oxidation 
for 5 minutes and become dark brown, chlorogenic acid and caffeic acid 
completely disappeared. 

5. From leaves of Dahlia citric acid and tyrosine were isolated. 

6. In leaves which had changed into dark brown and in which chlorogenic 
acid had completely disappeared, glutamic acid almost completely dis- 


appeared and the quantity of alanine, which had been present only in a small 
amount, considerably increased. 


We are greatly indebted to the Ministry of Education for a Grant in Aid for the 
Scientific Research generously given us. 
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Artificial pollination plays an important part in tree breeding. Grafts of 
selected trees of most tree species have proved capable of flowering satis- 
factorily to carry out artificial pollination experiments. Grafts of Fagus 
silvatica however rarely produce flowers and during the period 1948—54 
some experiments of a prospective formation of flower buds were carried out 
at the Arboretum of Horsholm. The experiment were made on the classical 
lines of horticulture viz. manuring, girdling, ringing and root pruning, but 
so far with negative results. The existence of juvenile and other development 
stages in beech were however not taken into account in these experiments. 

Observations of occasional flowering in grafts of Fagus however indicated 
the importance of choosing the correct grafting material. Only 6 grafted 
clones out of about 90 produced female flowers even when the exceptionally 
good seed year 1954 is included. In 1954 these 90 clones comprised more than 
3000 grafts propagated before 1953. The majority of grafts even within these 
6 clones carried no flowers. In reviewing these observations it was noted that 
some scionwood from the 6 parent trees had in many cases been collected 


in flowering parts of the crowns. In order to get more exact information the 
following experiments were carried out. 


Experiments 


In the early spring of 1952 scions with many flower buds were collected 
from V. 1272, a very old beech which had flowered every year since 1948. 
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Table 1. Flowering of the clone V. 1272 in 1954. When grafted on horizontal branches facing 


south west of an old isolated tree: abundant flowering — grafted on young trees: no 
flowering. 
Number of grafts | Total number Male 
Bootstocka, = | - | of female flowers Vigour of the grafts 
grafted 1952 alive 1954| flowers 1954 1954 
| 
50 year old tree 50 22 | 452 Abundance In general fairly good 
À | | growth 
Young trees id 20 | 7 | None None In general extremely 
| | vigorous growth 


In May 50 scions were grafted on horizontal branches facing south west of 
a 50 year old tree which had flowered in 1948 and which grew in a sunny 
glade. 20 scions were grafted on 3 vigorous 10 year old grafts of one young 
clone of Fagus orientalis. These 3 plants also grew in isolation but were 
somewhat less exposed to direct sunlight. When grafted these trees were cut 
back more severely than the stock branches of the old tree, and 5 of the 
7 grafts, which were still alive in 1954, grew far more vigorously than any of 
the 22 live grafts on the old stock. In the 2 remaining grafts the graft-union 
yas not satisfactorily established. 

Table i shows that there was abundant flowering in 1954 in the grafts on 
the old stock but no flowering occurred on the young ones. Female flowers 
were always produced in conjunction with male flowers. 

All grafts flowered on the old stock, but it was observed that the most 
vigorous grafts produced relatively few female flowers. 

In 1952, 4 other clones were grafted on the same old isolated tree, some of 
them on branches very exposed to sunlight but, as shown in table 2 no flower- 


ing grafts were observed in 1954. 


Table 2. Beech clones grafted on an old isolated tree in May 1952. Only material from 


flowering branches of the very old tree V. 1272 flowered in 1954. 


ole LA pe Re ee a ee ee FE 

Number of 
female flowers | 
1954 | 


| ER 
! Number of live 


> Remarks 
Clone number | grafts 1954 


| 
| 
| 
| 
| NAT AE ae 22 452 Scions with many flower buds 
PAS ANR CT EE 3 None Scions without flower buds 
MSA MERE 28 None » » » » 
VESSL Mer 6 None 
| Neo eee 7 None Scions in the leaf-retaining stage, 
| without flower buds 
JMS ETS Eee 12 None Scions in the leaf-shedding stage, 
| 
| 


without flower buds 
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Discussion 


Whilst the grafts of V. 1272 on young stocks were transformed into a vege- 
tative state, the grafts on the old tree remained in their flowering state. This 
proves the importance of exogenous influences. The most important factor 
seems to be the choice of rootstock material, but it must be admitted that 
environmental factors, such as exposure to sunlight, may play an important 
part. It is acommon and reliable observation that beech crowns exposed to 
sunlight flower more frequently and more richly than beech crowns in shade. 
But as the old rootstock was unable to force the 4 other clones to flower, it 
was obvious that the abundant flowering of clone V. 1272 must primarily be 
due to a strong capacity for flowering in the scions proper. 

It is common experience that old isolated beeches may flower every year 
although a high fruit production is found only in certain years which how- 
ever occur more often than normal mast years in beech. V. 1272 and another 
old tree in the Jægersborg State Forest District thus flowered each year during 
the period 1948—54 with heavy masts in 1948, 1950, 1952 and 1954. The 
author believes that old beeches will pass into a stage characterized by abun- 
dant and frequent flowering. It should be borne in mind however that charac- 
teristics of flowering, i.e. earliness and abundance, are known to be heredi- 
tary in birch (Johnsson, 1949) and may be hereditary in many tree species. 
The experiments referred to in this paper prove the possibility of keeping 
branches at this stage by ensuring optimum external factors for flower pro- 
duction. Unfavourable conditions for the formation of flower buds on the 
other hand immediately modified the scions into vegetative shoots. This stage 
of development thus proved far less well established than the leaf-retaining 
juvenile stage (Schaffalitzky de Muckadell, 1954). 

Although the material is not sufficiently large to prove the contrast between 
vigorous vegetative growth and the production of flowers, the tendency is 
obvious. This tendency has often been mentioned in literature and J. D. Matt- 
hews (unpublished) has kindly informed me of similar experiences with beech 
grafts in Great Britain. Grafts showing a very poor vegetative growth, how- 
ever, generally seem too weak to produce flowers. 

The few cases of flowering in grafts on young rootstocks previously men- 
tioned show that the capacity to flower may rarely be retained in this way. 
In the above experiments some flower buds might have been produced in 
the grafts on young stocks if the latter had been less vigorous than the Fagus 
orientalis used. The maintenance of the flowering ability in a scion thus 
appears to be the result of a reciprocal interaction between scion and stock. 
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Even when the scion originates from flowering parts of a beech crown it 


generally appears difficult to establish a reciprocal interaction favourable for 
the formation of flower buds. 


Summary 


Grafts of Fagus silvatica were kept in a flowering development stage by 
using horizontal branches facing south west of a 50 year old isolated tree, as 
rootstock. The flowering stage proved to be poorly established in control 
experiments with grafts on young stocks. 
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Introduetion 


The extension growth is, in addition to water uptake, accumulation of 
osmotically active material and wall growth, also connected with intensive 
formation of new cytoplasm (Brown and Broadbent, 1950). The cells in the 
extension zone are also characterized by a high metabolic rate. Their respira- 
tion measured as oxygen uptake on a protein-nitrogen or total nitrogen basis, 
often exceeds the respiration of the embryonic cells to a very essential degree 
as is shown in some investigations on root material. Kopp (1948), who recal- 
culated on a protein basis the respiration values in different sections of wheat 
roots determined by Wanner (1944), found that the oxygen uptake in the 
extension zone was nearly three times as great as that of the meristematic zone. 
Wanner (1950) has obtained similar results for roots of Allium Cepa and 
Baldovinos (1950, 1953) for roots of Zea mays. Goddard and Meeuse (1950) 
report that the respiration on a nitrogen basis in roots of Zea is low in the 
meristemalic zone, rises strongly and reaches a maximum in the extension 
zone and sinks to a constant level after the cessation of the growth. Brown 
and Broadbent (1950), on the other hand, did not find so marked differences 
in the respiration rates for different growth zones of Pisum roots. That there 
is a considerable increase in the respiratory intensity on a nitrogen basis is, 
however. confirmed for wheat roots by results presented in this paper. 

Thus the transition of a cell from the embryonic state to the extension state 
normally involves a more intense energy turnover. The cause of this often Very 
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striking increase in the respiration has not been subjected to any greater attention. 
The problem of the conneetion between growth and energy turnover has instead 
been coupled together with the question of the mechanism of action of the growth 
substances. Avery (1951) is thus of the opinion that the problem of the relations 
of the auxins to the respiration may be solved in the best way by studying material 
that, as a result of auxin treatment, will give both changes in growth and in respira- 
tion. Later reviews and discussions of the effect of auxins on the metabolism are 
given by Bonner and Bandurski (1952) and Gordon (1953). In spite of extensive 
investigations it has not been possible to establish that the auxins have any direct 
effect on the oxidation processes in the cell. In any case there is strong evidence that 
the increase in respiratory intensity, which is taking place in root cells passing into 
the extension state, hardly can be caused by such an effect. Thus Audus and Garrard 
(1953), who investigated the effect of ß-indolylacetic acid (IAA) on the respiration 
of excised root sections of pea, found no direct effect of IAA, either in growth-stimu- 
latory or growth-inhibitory concentrations. On the other hand, they established that 
the respiration during the growth was strongly correlated with the length of the 
sections. Probably there is no corresponding increase in protein (cf. Robinson and 
Brown 1954). The increase in the respiratory rate without a corresponding increase 
in protein must evidently be connected in some way or other, with the changes in 
the cells during the extension growth. Probably it is the same case with the 
respiratory increase, which has been found in stem tissue, connected with an auxin- 
induced increase of the extension growth (cf. Audus and Garrard 1953). This stimu- 
lation is for the most part rather slight compared with the respiratory increase 
obtained by Kopp (1948) and Wanner (1950) for roots at transition from growth by 
cell multiplication to extension growth. Bonner (1949) thus reports that the increase 
in respiration, induced by IAA in growth-stimulatory concentrations, in excised Avena 
coleoptiles amounts to 10—35 per cent, whereas Christiansen and Thimann (1950) 
state the corresponding increase in etiolated pea stem sections to 15—-25 per cent. 
However, it should be noted that the comparison in these cases is made with cells 
that probably already have begun extension growth but are elongating more slowly 
(ef. Brown, Reith, and Robinson 1952). Another important difference, which must 
be considered in comparing tissues from stems and roots, is that the extending zone 
in the former is very prolonged and for this reason the growth rate of the individual 
cells is low compared with the case in roots, where the extension growth is concen- 
trated to a relativly short zone. 


The investigation presented in this paper is an attempt to elucidate the 
question of how the increase in the respiratory rate connected with the ex- 
tension growth is influenced by the rate of the root elongation. The method 
used has been to determine the respiratory gradient in roots grown with 
different growth rates. As means of regulating the magnitude of the elongation 
the following have been employed: on the one hand IAA in growth-inhibitory 
concentrations and on the other hand a-3-indole-isobutyric acid (1IBA) that 
produces a strong increase of the growth (Burström 1951 a). However, the 
question is to what extent the growth substances used control the growth 
without directly influencing the metabolic processes. The answer to this 
question is important for the interpretation of the results. It is closly connected 
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with the problem of the mechanism of action of auxins and will be brought 
up for further discussion in conjunction with an analysis of the relations 
between cell length, fresh weight, dry weight and organic nitrogen during 
the growth. 


Methods 


The experimental material consisted of roots of wheat seedlings (Weibulls orig. 
»Eroica»), which were grown in sterile nutrient solution. The seeds were pretreated 
by soaking in 0.1 per cent sublimate-formaldehyde solution and sterilized by calcium 
hypochlorite solution according to a method earlier described by Almestrand (1949). 
The solution of hypochlorite used, however, was much more diluted. It was made 
by dissolving 40 gm calcium hypochlorite in one litre of water and filtering the sol- 
ution after which the filtrate was diluted ten times. 

This diluted solution had, as a matter of fact, the same sterilizing effect as the 
undiluted solution without having the variable effect of the latter on the sterilization 
and the fertility of the seeds. The reason for this is that both the sterilization and 
the poisonous effect of the hypochlorite solution depends on the pH of the solution. 
This is due to the fact that the effective constituent is free HCIO. The pH value of 
the solution is high from the beginning (about 12) but is lowered by the carbon 
dioxide evolved from the seeds. As a consequense of this the proportion of HCIO is 
strongly increased during the soaking. If the pH is maintained at 12 the seeds may 
be kept in an undiluted solution for more than 40 hours without injury. At pH 8 
the same solution will kill them in less time than one hour. Consequently there are 
many factors difficult to control which influence the effect of the hypochlorite 
solution, for example, the amount of solution for a given amount of seeds and the 
carbon dioxide output of these, which will vary with the initial moisture content. 
Small variations in these factors may give large differences in the effect of the 
hypochlorite solution. If a sufficiently diluted solution is used the pH value will 
fall rather rapidly to near the neutral point where it will remain approximately 
constant. In this case the sterilization of the material will be relativly uniform in 
different samples without injuries to the grains. | 

The grains were germinated in sterile Petri dishes for two days in the dark at 
22° C. Then the seedlings were transferred to sterile nutrient solutions in wide-necked 
Erlenmeyer flasks. These were fitted with a cotton plug through which ran a capil- 
lary tube. The lower part of this served as a holder for the seedlings by means of 
repeated curvatures. The capillary tube was also used for aerating the nutrient solut- 
ion, the air passing a cotton filter in another tube. In the transferring procedure the 
cotton plug with the holder was taken out of the flask. This method is a modification 
of a similar method used by Almestrand. In each flask 10 seedlings were 
etre’ in 500 ml nutrient solution. The cultivation was carried out in the dark 
at 22 GC for two days. The composition of the nutrient solution in mmol per litre 
Was: KNO, 0.2, KH,PO, 0.3, Ca(NO,), 0.4, MgSO, 0.2, MnCl, 0.01, H,BO, 0.001, 
and Fe, (SO,), 0.01. The pH of the solution was adjusted with KOH and H,S0, to 
5.0—5.2. The flasks were sterilized with the solutions in an autoclave at 110-—115° 
5 for 20 minutes. The growth substances used were dissolved in water containing 
9 AE bt ie of KOH. This solution was sterilized by filtering through a 

and introduced into the culturing vessels after these had been auto- 
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claved. The technique employed for sterile eulturing was effective for avoiding 
bacterial infections in the solutions, but it was not possible to avoid completely fungus 
infections on the grains. No influence on the respiration of the roots was, however, 
noticed as a consequence of these. 

The oxygen uptake was determined at 25° C in a Warburg apparatus according 
to the description of Umbreit et al. (1949). The flasks were shaken at a rate of 110 
oscillations a minute. Variation of the shaking rate between 95 and 150 oscillations 
a minute did not cause any differences in the oxygen uptake. This was, furthermore, 
proportional to the amount of roots in the flask, and consequently there is no reason 
for suspecting that the oxygen supply may have been a limiting factor for oxygen 
uptake. The preparation of the roots like the respiratory determinations was per- 
formed in normal light. Only the three earliest developed roots were used in the 
experiments. A suitable number of roots was collected on a moistened glass plate, 
arranged with the tips at the same level and cut into segments with razors. The 
lengths of these segments were in order from the tip 2 mm, 2 mm, 3 mm, 3 mm 
and from the remainder of the root 10 mm. The segments were succesively trans- 
ferred to watch-glasses with nutrient solution or moistened filter paper. The time 
necessary to cut roots for an experimental series was about an hour. As »cutting 
time» was taken the point halfway between the beginning and completion of the 
preparation. The segments from the same position in the root were well mixed 
before they were distributed between different parallel samples. They were surface- 
dried on filter paper and their fresh weight was determined by rapid weighing on a 
torsion balance. Then they were transferred into the Warburg flasks and suspended 
into 2 ml nutrient solution of the same composition as the growth solution. In the 
sidearm 0.5 ml 0.25 M glucose solution was placed. The respiratory determinations 
began three hours after the cutting of the roots and the oxygen uptake without 
substrate was determined for three hours. Then the glucose solution was added, the 
final glucose concentration being 0.05 M, and after half an hour for calibration the 
oxygen uptake was determined for another two hours. The respiration values given 
in this paper are the oxygen uptake determined in the presence of glucose. The 
connection between the respiration in wheat root segments with and without sub- 
strate is dealt with in another paper (Karlsson and Eliasson 1955). 

After their respiration had been measured the segments were dried in vacuum at 
room temperature and the dry weight and total nitrogen were determined. For these 
determinations as a rule material from two parallel samples had to be added 
together. For determinations of the total nitrogen the micro-Kjeldahl method accord- 
ing to Klein (1931) was employed. The determinations of the oxygen uptake have 
been repeated, six to eight times for each root material. The agreement between the 
different determinations of the oxygen uptake per unit fresh weight has been very 
good. The nitrogen determinations have been made in two or three series for each 


root material. 


Results 


The root growth 


The growth rate in roots is determined by the cell multiplication rate and 
the size of the cell elongation. The former will be influenced very little by 
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Table 1. The length of the extension zone in roots with different growth rates. 
SR ee 
Growth substances Root growth during two days (em) Length of the extension zone (mm) 


| 

Controls reden | 4.1 | 3.5 
IAA (strong inhibition) 1.4 1.3 
IAA (slight inhibition) | 2.2 | 2.2 
(NP on pas | 5.5 | 5.3 


growth regulators in moderate concentrations, while the latter is very sensi- 
tive to different factors and may easily be regulated within wide limits with 
different growth substances (cf. Burström 1951 a, and Hansen 1954). The 
differences in growth rate obtained by treatment with growth substances are 
thus caused mainly by differences in cell elongation. However, it is necessary 
to make a distinction between the growth rate of the roots and that of the 
cells. The former is determined by the final length of the cells which in its 
turn depends upon the duration of the cell extension and its rate (cf. Bur- 
strom 1953). The rate of cell elongation according to Burström (1950) is 
relatively independent of auxin treatment. The auxins instead determine the 
length of the growth period for each cell. 

In the experiments described in this paper an inhibition of the elongation 
of the roots by about 50 per cent has been obtained by supplying IAA in the 
concentration 2—2.5 X 107$ M. On the other hand the growth has been increased 
by supplying IIBA in the concentration 3X 10~® M. The growth increase obtained 
varied between 30 and 50 per cent. The growth stimulation by more than 
100 per cent obtained with the same substance by Burström (1951 a) refers 
to other growth conditions under which the control grew more slowly. 


The elongation of wheat roots is, as a matter of fact, very sensitive to several 
factors other than supplied growth substances, and it is possible to get an increase 
in growth similar to the IIBA stimulation by appropriate choice of culture conditions. 
Bosemark (1954) thus obtained a strong growth stimulation by reducing the nitrogen 
supply. No further stimulation could be obtained by a-parachlorophenoxy-isobutyric 
acid, a substance with growth effects similar to those of IIBA. Under the growth 
conditions used in the experiments described here, an increase in growth of the 
same magnitude as with IIBA could be obtained by supplying carbon powder to 
the nutrient solutions. The most probable explanation of this is that the carbon 
absorbs an inhibitory substance from the solution. Burstrém (1954) concludes from 
experiments with growth-stimulatory and growth-inhibitory substances that an 
unknown factor normally limits the growth of roots. 


The length of the growth zones has been determined by measuring cell 
lengths at different distances from the tip. The points, where the extension 
zone begins and ends, have been obtained from the growth curve constructed 
from these yalues. The length of the meristematic zone is equal in roots with 
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Figure 1. The connection between elongation 
and fresh weight, dry weight and total nitro- 
gen in wheat roots. Each point on the curves 
is based on 2—4 experimental series. The va- 
lues refer to the piece of the root grown 
during 2 days at 22° C in the dark. Inhibition 
and stimulation of the growth are due to 
growth substances supplied to the growth solu- 
tions. The abscissa gives the elongation of the *--* Fresh weight 
roots during 2 days. The values of fresh o—o Dry weight 
weight, dry weight, and total nitrogen have O0 Total N 

been expressed as per cent of the values of 
control roots. 


1 2 3 4 5 6 cm 
Growth 


different growth rate and is together with the calyptra 1.75 mm. The length 
of the extension zone is, on the other hand, strongly correlated with the 
growth rate of the roots. Its average length in roots with different growth rate 
is shown in table 1. 

Figure 1 shows how fresh weight, dry weight, and total nitrogen in the 
piece of the root developed during the two days in the nutrient solution are 
related to the elongation. For the determinations segments of the same kind 
as those used in the respiration experiments have been used. The values given 
in the diagram have been obtained by adding the values for the segments of 
a root. The tip segment consisting of the meristem has been omitted in order 
to give a more correct picture of the newly formed tissue. The figure shows 
that changes in root length are greater than the changes in the other proper- 
ties. This is especially the case in comparision with dry weight and nitrogen. 
Similar results have been obtained with the same material by Burstrom 
(1951 a). From figure 1 it may be concluded that a fourfold increased elonga- 
tion corresponds to an increase in the dry weight of only 50 per cent. Similar 
conditions hold true for total nitrogen. According to Burström (1951 a), an 
increase in cell lengths of 100 per cent corresponds to an increase in protein 
nitrogen of only 8—10 per cent. The fresh weight and hence the volume do not 
increase in proportion to the length. This may be due to a diminishing of the 
cross-sectional area of the cells at the same time as the cell length increases. 
The results indicate that the elongation of the cells is primarily regulated by 
the growth substances, while the changes of the other properties may be 
presumed to be a consequence of the change of the elongation. 
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Figure 2. Dry weight per mm of wheat roots. The roots grown for 2 days in dark at 220 
in solutions with growth substances causing different degrees of growth inhibition or 
stimulation. The figures in parentheses show the growth in length during the culture 
period. — Mean values for three to five samples with 50—100 root segments in each. 


Figure 2 shows how the dry matter in roots with different growth rate 
is distributed along the roots. Dry weight per unit length is according to this 
inversely proportional to the elongation. The same holds true for total 
nitrogen. Consequently the inhibition caused by IAA can hardly be due to a 
dificiency of growth materials. 


Respiration in different parts of the roots 


Figure 3 shows how the oxygen uptake varies with the distance from the tip, 
when calculated per unit length of the root. With this as a reference unit the 
respiration decreases to less than a half during the extension growth. Then 
there is a slower decline as the roots become older. The investigations of the 
respiration in different zones of roots earlier reported have in most cases 
given the same results. See, for example, Machlis (1944), Wanner (1944), and 
Brouwer (1954). The differences between roots of different growth rates are 
for the main part due to differences in the thickness of the roots (cf. figure 
2). The high respiration of the IAA-inhibited roots is probably also connected 
with the intense root hair growth in these roots (cf. Hansen 1954). 

The decrease in the respiratory rate during the extension growth may be 
due to the »dilution» of the living protoplasm, which is a consequence of the 
water absorption in the extension zone. This water uptake manifests itself 
in a decrease in the dry matter content in normal roots from 20 per cent in 
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Figure 3. Oxygen uptake per mm root in different parts of wheat roots. The roots grown 

for 2 days in nutrient solutions with growth substances added. The figures in parentheses 

show the growth in length during the culture period. The respiration measurements were 

carried out with the roots in nutrient solution with 0.05 M glucose 6 1/>—8 !/s hours after 
cutting of the roots. 


the meristem to 7 per cent in mature root tissue during the cell elongation. 
Besides there is also a change in the relation between nitrogen-free and nitro- 
gen-containing substances. While the dry weight per mm root is reduced to 
one half during cell elongation (figure 2), the total nitrogen is reduced to one 
fourth. For these reasons it is clear that a comparison of the respiration in 
different zones of the root will not show the real differences in metabolic 
activity, if the values are expressed on a length, fresh weight or dry weigth 
basis. As a more appropriate unit protein nitrogen has often been used. While 
the relation between soluble nitrogen and protein nitrogen according to Kopp 
(1948) is relatively constant in different parts of wheat roots, total nitrogen 
may be considered as approximately proportional to the protein content. 
Figure 4 shows the oxygen uptake per mg total nitrogen in the same kind 
of roots as in figure 3. The oxygen uptake shows on this basis a considerable 
increase in the extension zone which is nearly as great as that earlier reported 
by Kopp (1948). This increase is followed by a decrease setting in later on after 
the completion of the cell extension, Probably the oxygen uptake in purely 
meristematic tissue is somewhat lower than in the tip segment used here, as 
this zone also includes 0.25 mm of the earliest phase of the extension zone. 
(cf. the results obtained for onion roots by Wanner 1950). When comparing 
roots with different growth rates with each other, it is necessary to consider 
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that the length of the extension zones varies (see table 1). It is seen from 
figure 4 that the difference between stimulated and inhibited roots does not 
imply a difference in the intensity of the respiration during the extension 
growth but a difference in the duration of the period of intense respiration. 
The respiration rate will reach about the same level irrespectively of the 
growth rate of the roots or growth substances added. Thus the respiratory 
increase in the beginning of the extension zone is not influenced at all or, 
in any case, very slightly by the growth regulators. However, the length of 
the period of high metabolic activity is determined by the length of the exten- 
sion period. This means that the whole oxygen uptake per unit protoplasm 
from the beginning of the extension growth to an arbitrary time after the 
completion of this depends on the size of the elongation. An inhibition of the 
cell elongation will lead to a smaller oxygen uptake for the whole period as 
is shown by the diagram in figure 5. The consequence of this is that the 
energy, available for cell processes, to a certain degree will be proportional to 
the magnitude of the extension growth. This will account for the fact that the 
rate of synthesis of cell components is dependent upon how large the exten- 
sion growth is (figure 1). The surplus of protoplasm, synthesized as a conse- 
quence of a more active metabolism, will in its turn contribute to a further 
increase in the respiration of the whole root. The differences in oxygen uptake 
for the pieces of the roots developed during the two days with different growth 
rates are thus mainly due to differences in the amount of protein synthesized 
(see table 2). The table shows that there is a close connection between respira- 
lion and nitrogen content independent of the growth rate. This is consistent 
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Figure 5. Diagrammatic representation of the 
connexion between respiration and growth of 
roots. The dashed lines show the case of 
growth inhibition. 


Time 


with the fact that the relation between extending tissue — showing an intense 
respiration — and mature tissue will be about the same in roots with different 
growth rates, as is shown in table 1. 

The results are consistent with the view that the differences in respiration 
are a consequence of the differences in cell elongation. There is no evidence 
for assuming that the increase in the respiration taking place in the extension 
zone is connected with the mechanism of action of the growth substances. 


Discussion 


The transition to the intense metabolic activity in the extension zone and 
the gradual regression to a lower activity after the completion of the extension 
growth is an interesting phenemenon with several general biological aspects. 
Strong changes between different intensity in the cell processes are characte- 
ristic of living cells on the whole. Particularly striking are such activity changes 
as the resumption of high metabolic activity after resting periods for example 
in the germination. Folkes, Willis, and Yemm (1952) demonstrated that the 
respiration in germinating barley, calculated as mg CO, per mg protein N, 
increased from zero to a maximum reached three days after the beginning of 
the germination. Then it decreased and was 8—10 days after the germination 
only 40 per cent of the maximum respiration. Such changes in the metabolic 
intensity owe certainly their occurrence to several co-operating factors, which 
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Table 2. The oxygen uptake in the whole part of the root grown for two days excluding 
the meristem (the tip segment). The values have been obtained by adding the values of 
the different segments shown in figures 4 and 5. 


Root growth during | Oxygen uptake (el O,/hour) 1. 


| Growth substances 


two days (em) | per root | per mg N 
COL N: | 4.3 3.60 135 : 
LA RE RE one) 1.4 233 | 139 
| LIB AES: nee | 6.1 4.22 143 


influence the activity of the enzymes in the protoplasm. Which factors are 
concerned and how they act is imperfectly known, and a discussion of these 
problems must for this reason be to a large extent hypothetical. 


If the ADP-supply is the limiting factor of respiration, an increased consumption 
of respiration energy by transfer of ATP to ADP will result in increased respiration 
(ef. Bonner and Bandurski 1952). A respiratory increase caused by this mechanism 
would, however, hardly continue in excised tissue, in which the growth has ceased 
owing to lack of substrate. The respiration of the extension zone is, as matter of 
fact, less sensitive to lack of substrate than the respiration of other parts of the root 
(Karlsson and Eliasson 1955). Nor are there any reasons for assuming that the 
great differences in the respiration discussed here are caused by differences in the 
amount of substrate supply. It is noteworthy, however, that the zone with the most 
intense oxygen uptake also is the zone with the most intense synthesis of cell com- 
ponents (cf. Kopp 1948). Nevertheless, it is hardly possible to deduce the causal 
connection between synthetic activity and respiration; they may be regarded, as 
different aspects of the same thing: the over-all metabolism. 

Changes in the enzyme activity during the growth have been demonstrated for 
several enzymes such as dipeptidase, glycine oxidase, phosphatase, and invertase 
(Robinson and Brown 1952, 1954). Berger and Avery (1943) obtained an increase in 
the activity of alcohol and malic acid dehydrogenases parallel to an IAA-induced 
increase of the growth of Avena coleoptiles. Thus it is possible that an increase in 
the content of respiratory enzymes in the same amount of protoplasm may contribute 
to the respiratory increase obtained. Audus and Garrard (1953), as a matter of fact, 
assumed the increase in the respiration per section, obtained during growth in excised 


pea roots, to be caused by synthesis of respiratory enzymes during the extension 
growth. 


The activity of a definite amount of enzyme is, however, also determined 
by the way in which the enzyme molecules are arranged in the protoplasm, 
i.e., by the structure of the protoplasm. Changes in this structure may for 
that reason result in changes in the enzyme activity. It may be that such 
changes, occurring during the cell extension, may cause the change of the 
inetabolic activity of the protoplasm. The enlargment of the boundary areas 
of the protoplasm, the formation of vacuoles and of the tonoplast must involve 
considerable changes of the organization of the protoplasm. As many pro- 
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cesses in the living cell are assumed to occur at boundary layers, it should 
not be astonishing if the enlargment of these boundary areas, occurring when 
the compact protoplasm of the isodiametric embryonic cells extends to the 
thin layer along the walls of the elongated cells, resulted in a greater intensity 
of the cell processes. There may also be an influence by the changed diffusion 
conditions. It is noteworthy, however, that the high metabolic activity occurs 
simultaneously with the growth changes in the cells and then decreases to 
a lower level. Consequently, it is not possible to conclude that the differences 
between the embryonic and the elongated cells have any importance for the 
metabolic intensity of the protoplasm. This is consistent with the fact that, 
according to the experimental results shown in figure 4, the oxygen uptake 
is very slightly influenced by the cell length, in the mature root tissue, 


It has been established that the oxidation processes in embryonic tissue are bound 
to the mitochondria (cf. Millerd 1953). Of great interest in this connection is the 
hypothesis that the tonoplast has a similar function in the elongated cells (Butler 
1953). If the tonoplast during the course of the extension growth takes over the 
function of the mitochondria, this change ought to influence the intensity of the 
oxidation processes. 


The condition of the protoplasm in different phases of development of the 
root may also be described as different degrees of lability or stability (cf. 
Biinning 1953). A high degree of lability implies a high sensitivity to different 
factors and an intense metabolism. The connection between the state of the 
protoplasm and the metabolic rate thus may be described in the following 
way. During the embryonic phase with the cells only slowly enlarging, the 
state of the protoplasm is rather stable and the metabolic rate moderate. 
During the violent increase of the cell size in the extension phase and the 
filling of a large part of the cell lumen with cell sap the protoplasm will 
enter a labile state involving a more intense metabolism. This intense meta- 
bolism does not cease at once, when the extension ends, but decreases only 
gradually as the stability of the protoplasm increases. Robinson and Brown 
(1954), who investigated how the activity of certain enzymes changes in ex- 
cised sections of bean roots, also came to the result that the protoplasm became 
more labile during the extension. 

It may be supposed that the stability of the protoplasm is closely connected 
with the state of the layers limiting the protoplasm towards the surrounding 
media, that is the tonoplast inwards to the vacuole and the plasmalemma 
outwards to the cell wall. These layers are usually considered to be rather well 
defined structures characterized by high lipid content (cf. Frey-Wyssling 
1948). It seems probable that this stable quality develops only gradually and 
that the boundary layers during the extension are more undifferentiated. 
This may be the consequence if the processes, necessary for the formation 
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of the protoplasmic membranes, do not keep pace with the rapid increase in 
area during the extension. Thus the extension of the wall will bring the proto- 
plasmic membranes into a labile state which will be abolished after the com- 


pletion of the extension. 


The condition of the outer protoplasmic membrane must be of great importance 
for the growth of the cell wall. The prerequisite of both softening of the cell wall 
and the intussusception of new wall material must be a close contact between proto- 
plasm and cell wall. On that ground the hypothesis may be proposed that it is 
necessary for the plasmalemma to be labile to a certain extent in order that the cell 
wall growth may go on in a normal way. If the membrane is too stabile, the growth 
processes are inhibited, while, on the other hand too pronounced lability will result 
in such disturbances that the elongation is interrupted too early. Several investigations 
have shown that IAA influences the properties of the protoplasmic membranes. 
The literature in this field has recently been discussed by Tonzig and Trezzi 
(1954) and Anker (1953). Thus there is reason to consider that IAA influences the 
stability of the plasmalemma. The regulation of cell wall growth may tentatively be 
explained as the result of a combination of the effects exerted on the plasmalemma 
by the growth in area and by IAA. 


Summary 


Respiration measurements were carried out on segments of wheat roots 
cultured under sterile conditions. A simple method for sterile culturing is 
described. The extension growth of the roots was regulated by supplying a 
growth-inhibitory or a growth-stimulatory growth substance to the nutrient 
solution. 

The connection between increase in length and increase in fresh weight, 
dry weight, and total nitrogen of the roots has been investigated. The results 
support the idea that it is the elongation that is primarily regulated by the 
growth substances and that differences in the other properties are a conse- 
quence of the differences in extension growth. 

The earlier established fact that there is a considerable increase in respira- 
tion rate per unit nitrogen in the extension zone is confirmed, and some ten- 
tative suggestions as to the mechanism of it are discussed. 

The experimental results show that the magnitude of the respiratory in- 
crease is independent of supplied growth substances but the duration of the 
period of intense respiration is due to the duration of the growth period. This 
constitutes a way in which the magnitude of the extension growth may . 
influence the metabolic processes. 


The author is indebted to Professor Hans Burström for valuable advice and criti- 


cism during the course of this work and to Miss B. Karlsson for successful collabora- 
tion in the experimental work. 
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Introduction 


Smith and Benitez (8) — using absorption spectrophotometric methods 
for the pigment determination — found that the conversion of protochloro- 
phyll to chlorophyll a is a second order reaction. The temperature dependence 
of the reaction, however, is low. At —195° C no transformation occurs, but 
even at —70° C fairly rapid conversion takes place which increases in rate 
and extent with increase in temperature up to 40° C. At higher temperatures 
no reaction occurs. This is probably due to the destruction of the pigment- 
protein complex, the holochrome, cf. Smith and Young (9). From these 
findings the conclusion was drawn »that the formation of chlorophyll from 
protochlorophyll is not strictly a photochemical intramolecular transfer of 
hydrogen within the holochrome but requires collision processes as well» 
(Smith and Benitez, 8, p. 142). According to our present knowledge this reac- 
tion consists in adding two hydrogen atoms to protochlorophyll in position 
7 and 8, to form chlorophyll a. The mechanism involved to account for a 
second order reaction is not known. 

One way of finding out whether we have non-photochemical reactions of 
relatively long duration contributing to the conversion process would be to 
study the reaction under the influence of intermittent light. It could be anti- 
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cipated that Ihe conversion yield obtained in flashing light would be different 
as compared to that in continuous illumination if the reaction involves several 
stages, some of them not being strictly photochemical. It is well known that 
the photosynthetic yield per unit of light absorbed is increased if the light is 
administered as short flashes followed by considerably longer dark periods. 
From such experiments it could be proved that the first steps in photosyn- 
thesis involve a very rapid photochemical reaction accompanied by a slower 
light-independent chemical reaction (Emerson and Arnold, 1). 

The methods for determination of pigments are mainly based on absorp- 
tion spectrophotometry. These methods, when used for determination of 
protochlorophyll, require comparatively large amounts of material due to 
low concentration of pigment. They are also rather time consuming as 
partition between solvents after the extraction must be done before quanti- 
tative determination is possible. In flashing light experiments many series 
of illuminations are required. It would therefore be advantageous to find 
another property of the pigment which could be used for a rapid determina- 
tion of the concentration. Such a property we have in the fluorescence. 

Chlorophyll as well as its precursor protochlorophyll both show a strong 
fluorescence. It is therefore possible to use this property for quantitative 
determination of the pigments present. Wiihin limits the fluorescence emitted 
by each pigment is proportional to the pigments’ concentration and is in- 
dependent of accompanying substances. Only if the absorption maxima of 
such an impurity coincides with a maximum in the fluorescence spectrum, 
there is considerable reabsorption of the fluorescence. If there is constant 
absorption this can be easily allowed for, but if there is changing absorption 
then the corrections are difficult. This happens when chlorophyll a is 
iormed. There is an increasing absorption of protochlorophyll fluorescence 
by chlorophylla as it is produced. Since the main fluorescence peaks of 
protochlorophyll and chlorophyll a are separated by 42 mu, each of these 
pigments can be determined quantitatively in the presence of the other by 
spectrofluorimetric methods. The amount of material required to make a 
quantitative determination of a fluorescent substance is considerably smaller 
Ihan the amount necessary if absorption spectrophotometry is used for the 
same purpose. From a practical point of view, this means that the amount 
of pigment present in a small fraction of a leaf is enough for such a deter- 
mination, With absorption methods several leaves have to be extracted in 
order to obtain concentrated enough solutions. 

In experiments with flashing light the accuray required for the determina- 
tion of the pigments is rather high because the difference between two 
series may be small but yet significant. 


The first part of this paper deals therefore with a quantitative study of 


THE CONVERSION OF PROTCCHLOROPHYLL TO CHLORCPHYLL A 391 


the conversion of protochlorophyll to chlorophylla by means of spectro- 
fluorimetric analysis in order to check the accuracy of the method. Since 
spectrophotometric methods demonstrated the near quantitative conversion 
of protochlorophyll to chlorophylla (Smith and Benitez, 8), this conversion 
was used to standardize the spectrofluorimetric method. After such a stan- 
dardization the spectrofluorimetric method give nearly as consistent and 
accurate results for the ratio of the two pigments during their conversion 
as did the spectrophotometric method of analysis. 


Technique 


Plant material 


Etiolated leaves of barley were used for these experiments. The strain was the 
one used in earlier experiments by Smith and Benitez, 8. Seeds were soaked in tap 
water for 24 hours and thereafter planted in moist sand and kept in complete 
darkness in a thermostat at 22° C for eight days. The leaves had then reached a 
length of about 10 centimeters and could be used for the experiments. For the short 
times when the pots were watered and during cutting, the leaves were illuminated 
with very weak green light obtained by means of an interference filter with a 
maximum transmission at 500 mu. 


Light source and filters 


A General Electric projection lamp, 115 V: 180 watt, was used for causing the 
transformation. The lamp was operated with current from a voltage stabilizer. The 
light was passed through an interference filter with maximum transmission at 
660 mu and a half bandwidth of 13.1 mu. This light lies within the red band of the 
action spectrum for the chlorophyll formation (Koski, French and Smith, 5). The 
intensity of the light was measured by means of a thermopile coupled to a mirror 
galvanometer. 


Measurement of the fluorescence 


The apparatus used for fluorescence measurements is described in earlier papers. 
(French and Young, 3; Virgin, 10). 

When intact leaves were analyzed after different degrees of conversion had been 
produced, they were first infiltrated with water by boiling — see below and 
pressed between two pieces of glass so that no air-filled spaces were lente cm yiTz 
gin, 10). The leaves were placed in the sample holder so that the beam of exciting 
light was kept within the leaf area. When the fluorescence of glycerol suspensions 
was measured, a Beckman absorption cell was used. The front surface of the cell 
was covered with an aluminum foil containing an opening equal in size to that of 
the entrance slit of the analyzing monochromator. 

The light for exciting fluorescence was the 436 mu mercury line, isolated by 
means of Corning filter No. 3389, 5113, and 4305. 
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In order to insure the constancy of the exciting light during any series of measure- 
ments, the light from a low-intensity neon lamp — this as well as the mercury 
lamp operated with stabilized voltage — could be made to fall on the photocell. 
Any change in the response could thus be found. The intensity of the light had to 
be extremely low and could be changed for different settings of the amplification of 
the photo-current, as the light was first reflected from a black-painted surface 
before entering the photocell. By changing the angle of this black surface the amount 
of light could be given any value desired. 


Calculation of pigment concentration from 
fluorescence spectra 


The fluorescence spectra of protochlorophyll and of chlorophylla in heat- 
killed leaves are shown in Figure 1. As shown, the fluorescence spectrum 
of protochlorophyll has its main peak at 636 mu and that of the conversion 
product, chlorophyll a, at 678 mu. The height of any part of the spectrum 
of either single pigment can be used as a measure of the concentration of 
the pigment, if the comparison is made at the same wave length on different 
occasions, provided no reabsorption takes place. From a practical point of 
view, however, the value for the main peaks is most useful. 

A mixture of the two pigments will show a fluorescence spectrum in which 
the two single spectra are present in intensities proportional to the fractions 
of the respective pigments in the mixture. In order to be able to calculate 
the percentage conversion of protochlorophyll to chlorophylla after dif- 
ferent periods of illumination, one must therefore know the spectral curve 
for each pigment under the experimental conditions used. 


Calculation of the decrease in protochlorophyll 


The height of the peak at 636 mu in the fluorescence spectrum of plant 
material which has not been exposed to light is taken as a measure of the 
initial amount of protochlorophyll. After illumination this peak will decrease 
as more and more protochlorophyll is transformed into chlorophylla. In 
this case the presence of chlorophyll a will not interfere with the measure- 
ment of protochlorophyll, since the fluorescence of chlorophyll a is negligible 
at this wave length. The value for the protochlorophyll fluorescence must be 
corrected, however, for the amount of protochlorophyll which is inactive and 
will not be transformed — see below. 


The percentage of the total decrease of protochlorophyll will thus be: 


Decrease in fluorescence intensity at 636 mu 


Initial fl. intens. at 636 mu — Intensity of inact. protochlorophyll 


- X100 
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Figure 1. Relative fluorescence-spec- 
tum curves of protochlorophyll (————) 
and chlorophyll a (----) in heat-killed 
leaves of barley. The height of the 
principal bands are arbitrarily adjusted 
to equality. 


FLUORESCENCE 


650 700 750 
WAVE LENGTH in mu 


Calculation of the increase in chlorophyll a 


From the measurements of the fluorescence of leaves containing only 
protochlorophyll — unexposed etiolated leaves — the following ratio can be 
calculated: 

Fluorescence intensity at 636 mu 
Fluorescence intensity at 678 mu 


(ratio 1) 


This ratio is always constant for all fluorescence spectra of protochloro- 
phyll if the concentrations are held at such low values that no reabsorption 
of fluorescent light takes place. 

If the fluorescence of protochlorophyll at 636 mp is known, the fluore- 
scence due to protochlorophyll at 678 mu can be calculated. 

The intensity of the chlorophyll a fluorescence in an illuminated leaf will 
be the value for the observed intensity at 678 mu (the main peak of chloro- 
phylla) minus the quotient of the value for the fluorescence intensity at 
636 mu and the ratio 1. The fluorescence intensity of chlorophylla will 
thus be: 

Intensity at 636 mu 
ratio 1 


Observed intensity at 678 mu — 


In order to be able to calculate the percentage of chlorophyll a formed, 
one has to know the value for the intensity of chlorophylla fluorescence 
after complete transformation. The ratio of protochlorophyll fluorescence 
at the very beginning of the conversion to the chlorophylla fluorescence 
after complete transformation will be a eonstant which varies with the wave 
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length of the exciting light. When this constant has been determined it can 
be used to calculate the end value for the chlorophyll a fluorescence cor- 
responding to any amount protochlorophyll. 

Complete transformation is obtained after about 10 minutes illumination 
by a 50 watt incandescent lamp at a distance of 50 centimeters. By »com- 
plete transformation» is meant a conversion of about 90—95 per cent. It 
has never been possible to get the initially present protochlorophyll to dis- 
appear completely. The reason for this is not known but may be due either 
to the presence of a certain amount of injured cells where the metabolic 
processes have ceased or to a partial light-destruction of the conversion 
mechanism (cf. Virgin, 11). 

From the values for the chlorophyll a fluorescence after complete trans- 
formation the percentage of chlorophyll a formed can be calculated. 

If protochlorophyll is the precursor of chlorophylla, the chlorophylla 
formed, calculated as percentage of the values after complete transformation, 
should be the same as the amount of protochlorophyll which has disappeared, 
calculated as percentage of the amount initially present. 


Experimental 


Experiments with intact leaves, continuous illumination 


For the illumination experiments leaves were cut from the plants and transferred 
to a closed glass bottle kept in a light proof metal container. From the leaves a 
piece, 2 cm long, was cut 2.5 cm below the apex. As the distribution of protochloro- 
phyll in the leaf differs very much from the apex to the base (Figure 2), it is of 
importance to take pieces from the same relative position in order to keep the 
pigment concentration about the same from one experiment to another. 

The 2 cm long piece of leaf was cut in two equal parts, parallel to the long axis. 
The fluorescence of these two parts shows identical values (Figure 3). Thanks to 
this finding one half of the leaf could be used for illumination experiments, the 
other as control. 

All the manipulations with the leaves were performed in very weak green light 
(flash light bulb plus interference filter, 500 mu). After illumination the leaves were 
dipped for 6 seconds in boiling water which instantly stopped the protochlorophyll 
transformation, without any pigment loss from the tissue. The measurement of 
fluorescence was performed not later than two hours after illumination and heating. 
In the meantime, the killed leaves were kept in darkness in a refrigerator. 

During illumination the piece of leaf was slightly pressed between two glass 
plates in a holder. The latter could be replaced by a photocell at the position 
occupied by the leaf sample. The intensity of the light varied from 32.4 to 33.0 
ergs/cm.? sec. during the different experimental series. 


The results from two series of experiments are shown in Figure 4 and 
Table 1. From the values in the Table it is obvious that the variation in the 
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20 


Length: 11 cm. 
Age: 8 days 


N Length: 14 cm. 


Figure 2. Distribution of protochlorophyll in etiolated \ 
\Age: 10 days 


leaves of barely. The curves represent measurements of two 
single leaves. The length can vary considerably from one 


leaf to another and also the pigment distribution in the top = 10 
part of the leaves. The general trend, however, is a shift of a 
the maximum concentration of pigment to parts some cen- = 
timeters below the apex as the leaves grow older. It looks = 
from preliminary experiments as if the protochlorophyll in 2 
the top parts of older leaves does not transform as easily = 5 


as that from lower parts. This may account for the amount 
of »inactive» protochlorophyll in most of the experiments. 
The points in the Figure represent the average fluorescence 
intensity for one centimeter long pieces of the leaf. 0 


0e? 4 6 8 
DISTANCE FROM APEX in cm. 


material is fairly great. Average values from ten single series gave slightly 
better agreement between percentage decrease of protochlorophyll and for- 
mation of chlorophyll a, but the deviations from the theoretical values are 
still comparatively large. These deviations are mainly due to two factors. 
It is extremely important that the leaves be completely infiltrated before the 
measurement of the fluorescence. Due to light scattering even the slightest 
presence of air-filled intercellular spaces will give a decrease of the intensity 
of fluorescence at the main peak. of chlorophylla and probably even of 
protochlorophyll. At the same time the second peaks increase in height (Vir- 
gin, 10). In these experiments great care was taken to get complete infiltra- 
tion, but it is still possible that small air-filled spaces could have been present 
occasionally. 

It is also possible that some deviations are caused by using very small 
pieces of leaf. Local variations in leaf thickness or physiological anatomy 
would be particularly obvious when using small pieces from different leaves. 
That the deviations are actually due to variations in the plant material and 
not to instrumental error can be seen from experiments with glycerol suspen- 
sions of leaf homogenates described below. 

It must be emphasized here, however, that the amount of protochlorophyll 
which is present in the small leaf sample used for a measurement is only 
8- 10-5 mg., (calculated from data given for etiolated barley by Smith, 6). 
This amount of pigment is far below what can be measured by means of 
absorption spectrophotometry. 
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20 
15 
Figure 3. Fluorescence of two 
halves of a leaf, 2.5 cm below 
= > apex. The curves shown are 
= the actual records as they 
= appear on the paper of the 
= recorder without any smooth- 
5 ing of the curve lines. They 
are practically identical which 
shows that the pigment dis- 
tribution in a leaf is very 
0 even laterally. 


650 700 
WAVE LENGTH in mu 


Experiments with glycerol suspensions of leaf homogenates, 
continuous illumination 


Light-induced transformation of protochlorophyli to chlorophylla is not 
restricted to undamaged leaves or to chloroplasts. If etiolated leaves are 
ground in water-free glycerol or concentrated sugar solution in darkness 
and the suspension thus obtained is centrifuged or filtered, a slightly yel- 
lowish opalescent liquid is obtained. This liquid gives at first the absorbtion 
spectrum of protochlorophyll, but after some seconds of exposure to light, 
the bands of chlorophylla become visible (Smith and Benitez, 7). A micro- 
scopical examination of the liquid shows that only very small fragments of 
the chloroplast material are present. The suspension retains its activity for 
more than a week if kept in a refrigerator but looses the activity within 
a day of two at room temperature. The decrease in activity is due partly to 
an increase in the fraction of protochlorophyll which will not transform 
and partly to a decrease in the rate of transformation. 


When working with glycerol suspensions the following procedure was 
followed: 


About 25 g of etiolated barley leaves were ground with 75 ml glycerol in darkness 
until a homogeneous brei was obtained, In the first experiments this grinding was 
done in a mortar by hand but later on by means of a Waring blendor. The brei 
was then pressed through muslin, collected in a Pyrex flask and immediately cooled. 

For the illumination experiments, 5 ml of the thick suspension was poured into 
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Figure 4. Fluorescence spectrum of leaves of 
etiolated barley after illumination for different 
periods of time. In a series of measurements 
the curve representing zero illumination of 
each leaf was adjusted to a standard height 
at the fluorescence maximum. This adjustment 
factor was then applied to each curve repre- 
senting measurement of the same leaf after 
illumination. In the Figure one unit for the 
fluorescence equals a concentration of about 
0.0001 per cent of protochlorophyll. 


FLUORESCENCE 


WAVE LENGTH in mr 


a crystallizing dish, 5 cm in diameter. After the temperature became constant the 
dish was illuminated from above with the same light as was used in the experiments 
with intact leaves. The dish could be replaced by a thermopile. After illumination 
the suspension was poured into a test tube which was kept in boiling water for 
1.5 minutes during which time the temperature in the suspension rose to 90° C, warm 
enough to stop conversion immediately. The suspension was then rapidly cooled 
and kept in a refrigerator until time for the fluorescence measurement. The same 
cell was used for all fluorescence determinations within one series of experiments. 
Between the measurement of different suspensions the cell was thoroughly rinsed 
with distilled water and dried. 


Table 1. Change in pigment concentration after illumination of leaves of etiolated barley. 


————————————————————————————————————————————————————  ——— 


| Protochlorophyll Chlorophyll a 
Ill. time Min. | 4 Decrease in % of Increase in % of conc. 
| Cone.! | initial a Sauer after compl. trans.” 
| 

0 13 0 0 | 0 

0.5 12% 2/8 0.7 | 3.6 

1 11:8 JS 2.5 13.1 

2 922 29.2 4.3 | 22.6 

4 8.3 36.2 6.4 | 33.7 

11 6.9 47.0 10.4 54.8 

25 4.5 65.4 15.8 85.0 

co 0 100 19 100 


1 One unit represents a concentration of about 10° mg of pigment per 1 mg of leaf. 
2 Corrected for »inactive» protochlorophyll. 
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Table 2. Change in pigment concentration after illuminatioi. of glycerol suspensions of 
etiolated barley leaves. 


Experiment I Experiment II Experiment III Experiment IV 
ne u 410 a: aa a: 79 . 
-_ es ee az =! se = ¢ ae 
ae | 25. | a5 ME pes ea 
2 4 + Gey eas Eu Pe cos ee =. oes ee 
|i. time] 85 | 88% os | 883 os 2e2| 83 |£éé 
Sec. 28 | 988 és el Ge Bar zen 
ve Less | See Se eee ee 
FR) .o N : = .o 1e ts Te 7 So 
gs BSE o> SE ge BSH | go | B= 8 
As | $22 | as 3] S88) aa [Ses ose 
a (ee I a 
| | 
| 0 0 0 0 0 0 0 0 0 
4033 ~ I 25.0 24.6 18.9 22.8 8.55 4.47 
| 30 23.9 20.7 40.2 42.6 34.8 38.9 12.8 10.8 
60 39.1 38.7 59.6 57.2 | 521 59.7 23.9 19.7 
| 120 47.8 56.0 70.8 70.0 68.6 68.7 36.7 35.4 
| 240 71.7 70.7 64.3 68.6 76.3 73.0 51.2 53.2 
360 84.8 71.3 77.8 78.3 76.7 74.5 62.7 59.7 
480 89.2 70.7 75.5 73.7 76.8 75.7 69.2 68.5 
660 89.2 73.0 78.3 78.4 78.6 77.0 74.4 75.0 
900 89.2 69.8 79.8 78.4 80.2 78.3 85.0 80.2 
1200 91.3 64.2 89.7 82.5 91.4 81.6 89.7 85.5 
1500 95.6 55.7 94.7 81.2 93.7 86.0 91.4 86.5 | 


The results from four different experimental series are shown in Table 2. 
The intensity of the light was 129 ergs/cm.?- sec. in Experiment No. I; 108 


ergs/cm.?-sec. in Experiment No. II and III, and 64.8 ergs/cm.?-sec. in 
Experiment No, IV. 


The percentage of decrease and increase of pigments in the Table is cal- 
culated by assuming that the amount of inactive protochlorophyll remained 
constant. In the glycerol suspension there is a considerable amount of in- 
active protochlorophyll which will never transform. If the amount of proto- 
chlorophyll transformed is calculated as a percent of the total amount 
initially present, we will thus get misleading values. The end values for the 
transformation of active protochlorophyl! must be known in order to cal- 
culate the conversion values. Assuming that the conversion follows a second 
order reaction as has been found by Smith and Benitez (8), the end values 
for the protochlorophyll were calculated for different periods of illumina- 
tion according to the formula for a second order reaction: 


a T" 
[ee wi 1) 
Le = u Tr 
1% SO » je 
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© Chlorophyll formed 
© Protochlorophyli disappeared 


Theoretical curve for a second order reaction 
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Figure 5. Conversion of protochlorophyll to chlorophyll a in etiolated barley leaves during 

different periods of illumination. The dots represent experimental results; the line represent 

theoretical conversion by a second order reaction with a constant giving the best fit with 
the experimental values. 


where 


T..=percent conversion at the end of the reaction 
T= > > after time t’ 
ile == » > after time t” 


The end values thus obtained were used as 100 per cent conversion in the 
calculations (Table 2) of the percentage conversion after different periods 
of illumination. 

A study of Table 2 shows that at high intensities of light (Experiment 
No. I) a considerable light-destruction of chlorophyll a takes place. Illumina- 
tion for more than 11 minutes decreases the chlorophyll a content gradually, 
resulting in an increasing difference between protochlorophyll disappeared 
and chlorophyll a formed. In the other experiments the quantities of the two 
pigments correspond fairly well, except for the slight destruction of chloro- 
phylla near the end of Experiment II. The experimental values agree well 
with the values for a theoretical second order reaction. This can be seen 
in Figure 5. The values from Experiment No. IV are here plotted together 
with a »second order curve» whose constant has been adjusted to match 
the experimental points as closely as possible. The curve was obtained by 
means of the curve analyzer designed by French et al. (4). 

From these experiments the conclusion can be drawn that the method 
of using the fluorescence of pigments as a measure of their concentration 
under certain conditions can give as accurate results as the method of 
absorption spectrophotometry. The largest error in the determinations is to 


26 
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Table 3. Pigment conversion in continuous and intermittent light. Light intensity: 43 
ergs/cm.? sec. 


Contin. illum. Intermittent illumination = 
Ill. time 2 R 
Temp. ° C i : Light periods Dark periods : 6 
Min. Conversion % Millisec. Millisec. Conversion % 
20 30 14.4 | 3.32 29.68 | 112 
20 60 22.6 | 3.32 29.68 | 26.7 
20 120 50.2 3.32 29.68 | 48.9 
0 30 12.9 3.32 13.18 | 15.8 
0 60 31.6 | 3.32 13.18 | 30.4 
0 120 45.5 | 3.32 13.18 45.6 
0 30 20.3 | 3.32 29.68 14.8 
0 60 39.0 3.32 29.68 | 26.0 
0 120 50.3 3.32 29.68 | 45.6 | 
0 30 14.7 | 3.32 | 63.3 16.1 | 
0 60 23.2 | 3.32 | 63.3 alee, | 
0 120 43.0 | uae 63.3 | 42.0 | 


be found in biological variability of the material and not in the experimental 
procedure or instruments used. 


Experiments with glycerol suspensions, intermittent illumination 


In these experiments the percentage conversion in continuous light was 
compared with that obtained when the same amount of light — constant 
intensity — was given as short flashes followed by dark periods of different 
length. 


The intermittent light was obtained by use of a rotating sector disc with 
openings of variable size. Rotation at any speed between 0 and 1800 r.p.m. 
was provided by a stepless variable speed transmission. In order to get light 
flashes of constant intensity without any intermediate intensity between light 
and dark, the image of the lamp was focused at the plane of the sector disc 
by a system of lenses. The single-filament lamp was adjusted so that the 
filament was parallell to the sides of the openings in the disc. By rotating 
the disc, the light beam was thus cut abruptly without any intermediate 
steps in light intensity. 

Two series of experiments will be reported here. In one series the length 
of the light periods were kept constant at 3.3 milliseconds and the dark 
periods were varied from 13.18 to 63.3 milliseconds. This variation was 
obtained by changing both the size of the openings in the disc and the speed 
of the rotation. In the other series the light periods as well as the dark 
periods were changed by varying only the speed of the sector. 
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Table 4. Pigment conversion with varying regimes of light and darkness. Light intensity: 43 
ergs/cm.? sec. Temp.: 0° C. 
Bm A EP ERBETEN Sn: 


Ill. time Sec. | Light periods Millisec. Dark periods Millisec. Conversion % 
596 5.8 51.3 31.8 
596 8.6 77.3 30.8 
596 21 179 33.3 
596 41 369 30.7 
596 100 899 32.8 
596 310 2690 29.2 
596 | 1240 10760 31.2 


For the studies of the pigment conversion glycerol suspensions of etiolated 
barley leaves were used and were prepared as in the preceding experiments. 

The results of the experiments are shown in Tables 3 and 4. 

In the experiments reported in Table 3 three points on the conversion 
curve were taken. The figures given are the percentage transformed proto- 
chlorophyll based on the amount initially present. No correction was made 
for inactive pigment. 

In Table 4 the value for product of intensity Xtime has been chosen so 
that we are on the steap part of the conversion curve. Any change in con- 
version rate would therefore have easily been detected. 

It is obvious from the Tables that there is no significant difference in 
conversion yield between the series where continuous light was used as com- 
pared to the series with intermittent light. Even at 0° C we get the same 
values for the two series. Using the same reasoning as for the experiments 
with intermittent light for photosynthesis (Emerson and Arnold, 1), this 
means that no dark reaction is involved or that the half life time of sub- 
stances formed is very short. 


Discussion 


The conversion of protochlorophyll into chlorophyll a shows several rather 
peculiar characteristic features. In the penetrating study by Smith and 
Benitez (8), the possibilities of different pathways have been discussed. The 
experimental data, especially the low temperature dependence within certain 
limits, point to a photochemical reaction being the main part of the process. 
Here, we have an anomaly in that transformation does not occur at tem- 
peratures as low as — 195° C, as it should if the reaction were strictly photo- 
chemical. Also the fact that the reaction — even within the temperature 
limits where the temperature dependence is very low — is strictly bimole- 
cular, shows that some non-photochemical reaction might be involved. 
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Taking into account the small chemical difference between the two pigment 
molecules involved, it is rather difficult, however, to make a scheme for the 
oceurrence of a bimolecular reaction. Smith and Benitez (8) present two 
possibilities. Either one protochlorophyll molecule could react with another, 
but excited, molecule of the same kind or with a photodissociated product 
of the protochlorophyll holochrome (p. 142). In either case for the reaction 
to conform to the second-order rate law the rate of loss of excitation energy 
should be great as compared to the rate of the collision process. 

The findings of this paper show that the yields per unit of irradiation are 
equal for continuous and intermittent illumination under the conditions used. 
They demonstrate that the conversion of protochlorophyll to chlorophyll a is 
not accompanied by a non-photochemical reaction of long life. Since dark 
periods as short as 13.18 milliseconds have no effect on the yield per unit 
of irradiation, it can be reasonably assumed that the half life of any species 
produced by the light is less than about one tenth of this value or about 
1 millisecond. This indicates that whatever intermediate is formed by photo- 
chemical action is short-lived, for example, an activated molecular species 
or even a free radical (cf. Commoner et al., 2). 


If higher intensities of irradiation could have been used, it is conceivable 
that an intermittency effect might have been found. But high light inten- 
sities bleach the pigments and their use would have jeopardized the experi- 
mental results. It is not known whether a saturation intensity exists for this 
reaction. k 


Summary 


The conversion of protochlorophyll to chlorophyll a in intact barley leaves 
as well as in glycerol suspension of ground leaves has been studied by means 
of spectrofluorimetry. 


By the use of fluorescence instead of absorption for determination of 
pigment concentration a much smaller amount of material is sufficient. 
The determinations can also be performed without isolation and purification 
of the pigments. 


The results confirm the findings by Smith and Benitez (8) that the reac- 
tion is bimolecular. 


Intermittent light did not increase the yield, which means — as the process 
follows the second order law — that this process has a half life time con- 
siderably shorter than the dark period used. The results do not exclude, 
however, the possibility of the existence of a saturation intensity above which 
conversion in intermittent light might increase the yield. 
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Methods for determining vegetative and reproductive stages during the 
development of the shoot apex in barley and oats have been described in an 
earlier paper (Andersen 1). It was also investigated whether the occurrence 
of reproductive stages was correlated with the leaf number of the plants. 
Such a correlation was demonstrated, but full agreement was not found in 
all cases. In this paper an attempt is made to point out some of the factors 
which might promote or retard the transition from vegetative to reproductive 
growth. 

The influence of seeding rate, soil fertility, and date of seeding are studied 
in field experiments, and also differences between varieties are studied in the 
field. In pot experiments, the effect of soil moisture and light intensity are 
tried. The effect of variation in day-length was tried, but in a small experi- 
ment only. Day-length in Denmark is presumably sufficient for a quick 
development of the ear. The emergence seldom takes place before April 15th, 
and at that time the day-length is 15 hours (from half an hour before sunrise 
to half an hour after sunset). 

Some varieties of barley and oats are winter forms, which need a period 
of low temperature. The varieties used in the present and the earlier investiga- 
tion have no cold requirement, but are true spring types. They head, if sown 
in June, when the average temperature is about 13° C. This does not neces- 
sarily mean that low or high temperature during emergence and early 
growth would not affect the relation between leaf number and ear develop- 
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ment. Some experiments were made in greenhouses with different tem- 
peratures, but the facilities were insufficient, and the results will not be 
reported. 

The effect of temperature on the development of the young barley spike 
was studied by Borthwick, Parker and Heinze (3), and Hamilton (6) studied 
the effect on the oat panicle. Unfortunately, none of these authors counted 
the number of leaves. Borthwick, Parker and Heinze found that the develop- 
ment of the spike was delayed by low temperature (2 and 7° C), but favoured 
by higher temperature (18° C). Hamilton, however, found that excessively 
high temperature (28° C), prevents spikelet formation in oats. 

In the earlier and the present investigation only the main shoot of the 
plants is examined. The ears development in the tillers is not considered, 
and the leaves on the tillers are not included in determining number of leaves. 
For a long time the number of tillers was considered unimportant, but a 
small experiment in 1952 showed that the ear in the main shoot was at the 
most advanced stage in plants without tillers. The number of plants with 
tillers has therefore been counted in all samples, and the relation between 
ear development and leaf number was found to be correlated with the 
degree of tillering. Where many tillered plants were found, the change from 
vegetative to reproductive growth was delayed until the leaf number was high. 


Mitchell (8) working with rye grass, Lolium perenne, found that the number of 
tillers increased by increasing light intensity or by lowering the temperature. Mitchell 
claimed, as earlier suggested by Leopold (7), that variations in amount of tillering 
in grasses are associated with equivalent variations in rate of auxin production or 
sensitivity of the plant tissue to auxin. Gustafson (5), who investigated the auxin 
concentration in a number of plants found a low concentration in plants grown 
a) on a nutrition-deficient soil, b) at low temperature, and c) under high light 
intensity. Since a low auxin concentration is expected to cause formation of many 
tillers, there is good agreement between Gustafson’s and Mitchell’s results. 

Gardner (4) gives an account of literature on tillering, and has made experiments 
himself. The formation of side shoots seemed to be benefited by a soil rich in 
mineral nutrients and with a suitable moisture content. 


Methods 


Some of the experiments were made in the field, and some were made in wooden 
boxes or as pot-experiments. The field experiments were laid out with 2—4 replica- 
tions, and at the dates of analysis, 15 to 30 plants were taken at random from 
each plot. In the pot-experiments, 25 plants were grown in each pot, and all plants 
from 2—3 pots were examined. 

The plants from each treatment were bulked, and the leaf number and ear develop- 
ment were determined by the method earlier described (Andersen 1). According to 
this method, the number of visible leaves were counted on the main shoot of each 
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plant and an average figure is calculated for 50 plants. Thereafter large and small 
plants were discarded, and 15 plants of average size selected for ear analysis. By 
this selection, care was taken that the percentage of plants with tillers was equal 
to the percentage in the whole sample. 

The growing points or ears were classified according to their morphological devel- 
opment. The development stage was determined in each of the 15 plants, and an 
average figure calculated for the whole sample. In barley 13 development stages 
were used, and in oats 10. Those stages represent the whole development from 
emergence to heading. Most important is the change from stage 3 to 4 in barley and 
from stage 2 to 3 in oats. When stage 4 is reached in barley, spikelet primordia are 
visible, and the growing point has been transformed into an ear. In oats, reproductive 
growth is indicated in stage 3 by formation of branches of second order. 

In most cases, samples were taken only when a definite leaf number was reached. 
All the plots in an experiment were not necessarily investigated on the same day, 
but analyses were made when the stage of development was found suitable for the 
purpose. That was done in order to make a comparison between different treatments 
more easy. Barley was analysed when the leaf number was 2.50, 3.50, and 4.50, 
i.e., the first analysis was made when 50 per cent of all the plants in a treatment 
had 2 leaves and the rest 3 leaves; the second analysis was made when 50 per cent 
had 3 leaves and the rest 4, and so on. Oats were analysed when the leaf number 
figured in the same way, was 3.50, 4.50, and 5.50. 

It might perhaps seem more reasonable to make the examinations when the leaf 
numbers came close to whole figures, for instance 3.0 instead of 3.5. This, how- 
ever, would be an inappropriate procedure since most of the plants develop new 
leaves at nearly the same time. When the average number of leaves lies close to 
a whole number it would, in many cases, increase very little for 2—3 days (Figure 1). 
Since the ear develops continuously, examinations at this stage could not show any 
close correlation between leaf number and ear development. Two samples, taken with 
2 days interval in the same plot, would show approximately the same number of 
leaves, but different stages of ear. Samples where the leaf number were half-way 
between two whole figures could, as a rule, only be found on one single day. 

Since it was not always possible to analyse when the leaf number was exactly —.50 
(the dash before the point means 2, 3, 4, or 5), the figures indicating ear develop- 
ment were corrected and changed to the assumed value if the leaf number had been 
exactly —.50. Such correction was applied in experiments comprising a large number 
of analyses. In experiments where corrections were judged to be of minor importance, 
samples from all treatments were taken on the same day. This applies to the experi- 
ments described in tables 1 and 2, 8, and 9. 

Method for correction figures for ear development when the leaf number was not 
exactly —.50. The correction figures were found by means of 33 pairs of analyses. 
Each pair was taken in the same plots, but with 2 days interval, so that the leaf number 
in the first was somewhat below —.50 and in the second above. Such two analyses 
should. when properly corrected, show the same figure for ear development. Simple 
correction figures, as shown below, were found to be sufficient. In all pairs of analyses, 
where the leaf numbers were between —.20 and -—.80, the deviation between the two 
corrected stages of ear development was small. Due to unavoidable errors in leaf count 
and ear analysis, exactly the same figure could not be expected, and the deviation 
found could be explained as a result of such errors. 

Correction in analyses where the leaf number was between —.30 and —.70. The 
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Number of leaves 


26 28 30 May2 4 6 8 10 12 1% 16 18 


Date of analysis 


Figure 1. Number of leaves in a barley crop at successive dates. Counts from an experiment 
in 1952. 


difference between the leaf number found and —-.50 was calculated, and that figure 
was added to or subtracted from the figure for ear development. The largest correc- 
tion in such analyses could be + 0.20. 

Correction in analyses where the leaf number was between —.20 and —.30 or 
between. —.70 and —.80. Due to the slower increase in leaf number at those stages 
(Figure 1), amore comprehensive correction was necessary. As above, the difference 
between the leaf number and —.50 was calculated, but to this correction figure 
was added the difference between the leaf number and —.30 or —.70 respectively. 
The largest correction in such samples could be +0.40. 

In a few cases it had been necessary to examine samples where the leaf number 


was between —.80 and —-.90. Such analyses were corrected in the same way as 
analyses with a leaf number between —.70 and —.80. The largest correction was 0.60. 
If the leaf number in a sample was below —.20, the sample was discarded and 


another collected the next day or two days later. 
A couple of examples will show the procedure: 


Example 1 Example 2 
Leaf number: 2.35; stage of ear: 1.87 Leaf number: 2.76; stage of ear: 2.26 
Correction figure: Correction figure: 
2.50 —- 2.35 0.15 2.50 — 2.76 — 0.26 
Bortected stage of Care. 6.5... 20 0% 2.02 2.70 — 2.76 — 0.06 


— 0.32 
Corrected stage of ear: .......... 1.94 
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Results 


a. Effect of seeding rate and row distance. In one experiment with barley 
and oats, 5 different quantities of seed, varying from 50 to 800 kg per hectare 
were sown. In the same experiment the effect of row distance was tried, as 
each quantity, except 800 kg, was sown at two different row distances. How- 
ever, variation of row distance was without effect. The figures in Table 1 
show that changing the row distance has caused no change in leaf number, 
ear development, or in the percentage of plants with tillers. 

The influence of different seeding rates appears in Table 2. The figures 
given show that ear development is more advanced after high than after low 
rate of seeding. In the case of oats the difference is only small, but in barley 
a large difference is found. The leaf number shows the opposite tendency. 
The smallest number of leaves was found in plots where 800 kg seed had 
been sown per hectare. With decreasing seed quantity sown, the leaf number 
increased and the highest number was found where 50 or 100 kg seed had 
been sown. A corresponding increase was found in number of plants with 
tillers. It should be mentioned that leaves from the tillers were not counted 
when figuring the number of leaves per plant. Here, as well in all other 
experiments, only leaves from the main shoot were counted. 

The results are confirmed by two other experiments, where seeding rates 
from 25 to 200 kg per hectare were tried. In these experiments the number 
of leaves was highest where only 25 kg seed was sown. Ear development, 
on the contrary, was most advanced in plots with 200 kg seed. 

When the growing points have reached stage 4 in barley and stage 3 in 
oats, their vegetative growth has ceased and they are transformed into ears. 
Using 50 kg seed per hectare, growth stage 4 in barley was reached when the 
leaf number was 3.77 (Table 2). Using 800 kg seed per hectare, the growth 
changed from vegetative to reproductive when the leaf number was con- 
siderably lower. It seems justifiable to assume that stage 4 was reached when 
the leaf number has been about 2.8. In oats a similar difference is found. The 
stage of the panicle was 3.5 and the leaf number 4.77 where 50 kg seed was 


Table 1. Effect of various row distance. Average figures from seeding rates varying from 
90 to 400 kg per hectare. 
SSF 

Distance Barley Oats 
| between GRY 
rows 


Number of | Stage of |Percent of plants Number of 


Percent of plants 
leaves | spike with tillers | leaves 


with tillers 


Stage of 
panicle 


| 
| 
| 
| 
| 11 em... 3.65 | 44 43 | 154 RAS 29 
22 cm ... 8,69 re 47 | 451 TE 34 
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Table 2. Effect of rate of sceding. Field experiment sown on March 22, 1952. Analysis made 
on May 6 in barley, and on May 15 in oats. 
er 


Rate of seeding Number of Stage of spike | Percent of plants ara] MDer ot 
kg/ha leaves or panicle with tillers leaves before 
| heading | 
Barley | | | 
50 rl 4.0 59 | 8.46 
i 100 | 3.84 4.0 70 8.40 
200 3.60 4.8 39 7.76 
400 3.50 ii | 11 7.15 
800 3.27 5.2 | 0 7.18 
| | 
Oats | | 
50 4.77 3.0 67 | 7.41 
100 4.76 3.8 38 | 115 
200 | 4.46 Soll 20 | 7.07 
400 | 4.12 3.9 2 6.76 
800 | 3.87 3.9 0 — 


sown. In plots with a high seeding rate the stage of panicle is slightly higher, 
3.9, but the leaf number is one unit lower. 

The total leaf number was counted just before heading to ascertain 
whether this difference remained unchanged. This was found to be the case, 
and other experiments have shown the same (Table 7). These results seem 
to show that a fairly constant leaf number will appear after the close of the 
vegetative phase. 


b. Effect of fertilizer treatments. Table 3 shows results from a field ex- 
periment in which the soil in some of the plots since 1899 has been subjected 
to exhaustion in plant nutrients. This experiment includes one treatment in 
which all the nutrients in question were applied, and 3 treatments in which 
a single nutrient has been omitted. The quantities of fertilizers applied annually 
to the fully treated plots correspond to 16 kg phosphorus and 45 kg potassium 
per hectare; nitrogen has been applied in quantities varying from 30 kg N 
to 100 kg N per hectare, according to the kind of crop grown. The more 


Table 3. Effect of fertilizer treatments. Stage of development of the barley spike. Average 
of analyses from 1952 and 1953. 


> > 
D do Number of leaves uf Sh ders at the 
ae 10721599 116 „1953 2.5 3.5 4:5 3.5 leaf stage 
Treated with K, P, and N 2.1 3.8 Bien) 63 
NV Dae Leal kOe es Se oe 1.9 3.6 5.3 | 40 
ee ee... | 2.0 3.9 5.5 36 
Rammer Neem RESF RTE 2.2 3.9 0 | 27 
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Table 4. Effect of nitrogen. Analyses from field experiment where calcium nitrate was 
applied immediately before or after seeding. Corrected stage of spike or panicle. 


NT 
| Exp. I barley|Exp. II barley Exp. III oats Exp. IV barley 1953 


1952 1952 1952 
Number of leaves 2.5 3.5 4.5 25 | 3.5 | 45 
| Stage of spike or panicle 2 
Without nitrogen ......... 2.3 4.6 3.9 2.0 3.8 5.9 
46.5 kg N per hectare... 2.0 4.3 3.7 1.8 3.5 5.4 
Percent of plants with tillers | 
Without nitrogen ......... 38 25 63 
46.5 kg N per hectare... 54 39 | 87 


common crops were small grains and roots, and after 1928 no leguminous 
crops were grown. A 4-year rotation was used, and for that purpose the 
experiment was divided into 4 blocks, each with 3 replicates of the fertilizer 
treatment. Barley was grown in one of these blocks in 1952 and in another 
in 1953. 

Another experiment was laid out on a soil of good fertility, but rather 
poor in available manganese. In this experiment potassium, manganese, 
and nitrogen were applied a few days before seeding. No effect of potassium 
and manganese could be shown, but a slight effect of nitrogen was observed 
(exp. IV in Table 4). 

Table 4 summarizes some experiments in which nitrogen was applied just 
before or immediately after seeding of the crop. 300 kg of calcium nitrate 
per hectare was applied, corresponding to 46.5 kg nitrogen. In all experiments 
ear development was most advanced where no nitrogen was applied. In all 
cases the difference in ear development is small and not very important. How- 
ever, as the difference is found in 4 independent experiments, an effect of 
nitrogen must be considered significant. 


c. Variation in soil moisture. The experiments were made in wooden boxes, 
each containing 30—35 kg of soil. In each experiment there were 3 different 
treatments: a) no addition of water, b) application of sufficient water to 
keep the soil suitably moist, and c) excessive watering. In all treatments seed 
was sown in a uniform moist soil, and if necessary water was applied to 
all boxes in the time between sowing and emergence. In experiment number 3, 
due to a mistake, water was also applied just after emergence. 

In experiment 1 seed was sown in a period of dependable weather so the 
boxes could be left out of doors. When the plants had developed 2.5 leaves, 
7 mm rain fell unexpectedly. Another 7 mm of rain fell during the remaining 
experimental period, These small quantities of rain kept the plants alive in 
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Table 5. Effect of variation in soil moisture. Stage of development of spike or panicle. 


RS 7 
ghd an Exp. 1. Barley Exp. 2. Barley | Exp. 3. Oats 
EME) Number of leaves Number of leaves | Number of leaves 
moisture ae — — —— = 
| Mae ab 2.6 |) se ase Wiens. delta ay ney 
| | 
TON tsa Goats os 1.8 4.3 6.9 1.5 | 4.0 3.9 1.6 3.7 — 
Medium ..... 176 | 4.0 6.8 | 1.4 2.9 DOM 
TR 2.0 3.9 6.6 14 nas 5.2 1.2 8.2 5.4 


Ihe boxes without watering, but much more was needed to keep the soil moist. 
In the artificially watered boxes water was applied in quantities correspond- 
ing to 40 and 80 mm precipitation. 

Experiment 2 was made in a greenhouse during a period of high atmos- 
pheric humidity. Therefore the soil did not dry out to any great extent. 

The boxes in experiment 3 were left out of doors when the weather seemed 
dependable, but were moved into a greenhouse when rain threatened. Here 
the soil in the boxes which were not watered became so dry that growth 
finally ceased almost completely. During one week the leaf number in the 
un-watered boxes increased only from 4.40 to 4.89, while in the watered boxes 
the increase was from 4.5 to 5.5. 

In all three experiments, ear development was most advanced where plants 
had not been watered. The difference is not very great, but sufficient to 
indicate that soil moisture conditions are not without importance. In experi- 
ment 3 the plants with low water level wilted before reaching the leaf 
number 5.5. 


d. Different times of seeding. In 1953 an experiment was made in barley 
with 10 different seeding times (Table 6). Due to a rainy period at the end 
of March, there was an interval between the second and the third seeding, 
but otherwise seedings followed in close succession. 

The first 4—5 seedings show normal, or slightly above normal, figures for 
ear development. The figures for plants sown later are lower, particularly 
for those sown on April 23, April 27, and April 30. 

The figures might indicate a correlation between seeding date and ear 
development. However, as other experiments did not show a similar correla- 
tion, that theory could not be correct, It seems more reasonable to assume 
that the low figures for spike development were due to a period of cold 
weather. The period from May 9 to May 15 was rather cold and cloudy. 
Official meteorological reports show that the average temperature in the weck, 
May 10—May 16, was 4° C lower than in the previous week. In reality, in 
the field it was still lower, but on May 15 the weather changed suddenly,. 
and the temperature, May 16. was very high. It seems reasonable to assume 
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Table 6. Effect of various time of seeding. Stage of development of the barley spike in field 
experiment 1953. 


Number of leaves 
i of emergence 

Date of seeding | Date g oe ay Fe 
P| 
March 18 April 6 PET 4.7 116) 
» 25 » 13 21 _ 6.9 
April 10 > 23 1.9 3.8 6.0 . 

» 13 cA PAH 1.6 4.0 6.3 

» 18 » 30 157 4.4 5.5 

» 23 May 3 — 3.4 5.1 

» 27 » 6 2.1 3:5 4.7 

» 30 » 10 1.9 3.2 Fr 

May 4 » 16 227 — 6.3 

» a > 18 21 .0 6.6 


that ear development was retarded in those plants where transformation from 
vegetative to reproductive growth occurred in the cold period. It was im- 
possible to prove this assumption by experiments made under controlled 
temperature and light conditions. 


e. Varieties, stocks of seed, and localities. In 1952—53 a rather large number 
af varieties, mainly Scandinavian, were studied. Considerable varietal differ- 
ences were found (Andersen 2). 

Figures from those trials show that differences found at an early stage of 
development will last until heading takes place (Table 7). In 6 varieties of 
barley, plants were examined at 5 different stages, the last when the plants 
had developed 6.5 leaves. Furthermore, in 1952 the total number of leaves 
was counted just before heading. Among the 6 varieties, 2 were early, 
2 medium, and 2 late in ear development. In the early varieties, stage 4 must 
have been reached when the leaf number was about 3.0 and in the late 
varieties at 3.5. From this time the difference between early and late varieties 
remains constant, the total number of leaves being greatest in the late 
varieties. 

By courtesy of the Danish Seed Testing Station, the author was allowed to 
draw samples from 25 plots with Rigel barley in 1953. Each plot represented a 
certain stock of seed and the different stocks were presumably grown on 
different fields. The samples were analysed when the leaf number was 3.5, 
and small differences in ear development were found. Therefore the investiga- 
tion was repeated in 1954, using the same stocks of seed. The average figures 
found for the two years indicated no difference between the different stocks. 

Nearly all the analyses mentioned here were made from experiments at 
the experimental station of the Agricultural College. In order to study 
development in plants from other parts of Denmark, analyses were made 
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Table 7. Stage of development of the spike in two early (e), two medium (m) and two 
late (1) varieties of barley. Average figures from field experiments 1952 and 1953. 
a ABEL EEE EEE EEE 


Variety Number of leaves | Total number of 
2.5 IN € 5.5 6.5 LANCE 

ee 0 D SN 3 | 56. {sr 65 rep, 

Ber NO ann 2.7 5.2 7.5 9.0 10.3 | 7.35 
BBE) enc sean: 2.2 5.1 7.8 8.9 10.1 7.83 
TC RE 1.9 4.5 6.9 7.9 9.8 2,48 
Maas m) 2.3 4.4 7.0 8.2 9,7 7.93 
Carlsberg (1) ...... 1.8 a | GPa 7.2 9,0 | 8.72 
ROTO (lee. ee eL2G 4.0 5.8 7.0 9.1 8.48 


in 1952 and 1953 on plants collected at various places and on various soil 
types. Some differences in development was observed from one place to 
another, but not greater than might well be due to difference in variety, time 
of seeding, etc. 


f. Experiments with day-length and light intensity. In 1953 flower-pot 
experiments were made in order to study the effect of short-day treatment on 
the development of barley plants. In a preliminary experiment the effect 
of various day-length was studied, and in the main experiment plants received 
short-day or long-day treatment at different stages of growth. Due to lack of 
facilities the experiments were started rather late in the season, but the 
results found will presumably be applicable to barley sown at normal time. 

The preliminary experiment showed a slight depression of the spike in 
plants grown in a 12-hour day, but no differences were found between plants 
grown in a 14-hour day and plants grown in natural day-length (17 hours). 
If the daily exposure to light was less than 10 hours, barley did not head at 
all. Based upon those observations, the length of a »short day» in the main 
experiment was fixed at 9 hours. The normal day-length at this time was 
17—18 hours (»long day»). 

The main experiment fell in two series. In one of these, plants received 
short-day treatment at different times. The plants were grown in natural 
day-length (long days), but in periods of 4 days a number of pots were 
covered after 9 hours daily exposure to light. Four such periods of 4 days 
length were used, the first one began at the day of emergence, May 25; the 
last one, 12 days later (Table 8). The plants received short-day treatment in 
one 4-days period only, or in two succeeding periods. 

In the second series the effect of long-day treatment was studied. The plants 
in this series were grown in a 9-hour day, but exposed to long-day treatment 
in periods of 4 or 8 days. In this series, the plants were covered with boxes 
of a less heavy construction than in the first series and in the preliminary 
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Table 8. Effect of long- or short-day treatment at different stages of development. Pot 
experiment with barley 1953. Analysis made on June 10. 


Short-day treatment Long-day treatment 
Control plants grown in long days Control plants grown in short days 
| Time of treatment r > t of 
Number | Stage of | Age Number Stage of er. 
of leaves | spike | I sites of leaves| spike tillers 
| | 
GOnNTROl ee 3.88 49 | 35 3.83 40 | 7 
| | | 
| 4-days treatment | | | 
May 25 to 29 ...... 3.71 | De) 2 3.83 4.0.7 3 11 
» 29 to June 2 3.34 | 4.7 0 3.65 4.1 4 
Junes 2 19, 672002 3.66 4.9 7 3.87 4.0 47 
NE GR FORLUR 2er 400 | 4.9 29 3.79 3.9 6 
| 8-days treatment | | | 
May 25 to June 2 3.80 4.4 35 | 3:01 4.3 7 | 
lee vlt eh 6 4.00 3.4 81 3.47 Sie À 2 | 
June 2 to 10a. 3.72 44 | 17 Sod al 4.4 27 | 


experiment. Such covering was not sufficient to prevent spikelet formation, 
but the control plants reached a development stage of 4.0. 

It is seen from Table 8 that a 4-day treatment was without effect, whether 
the days were long or short. The 8-day treatment, May 29—June 6, however, 
has influenced development of the spike. The stage of spike was low in plants 
receiving short-day treatment in those days, and high in plants exposed to 
long-day treatment. 

Experiments on the influence of light intensity were made using a very 
simple method. A number of plants in flower-pots were left outdoors, while 
others were covered with a hot-bed frame in which two thirds of the glass 
area was covered with wooden lists. The ends of the hot-bed frame had 
been removed to permit air circulation and thus prevent a rise in temperature. 
As in the day-length experiment, the plants were shifted and subjected to 
treatment during periods of 5 and 10 days. 

Plants kept in shadow during the whole experimental period showed, on 
May 22, a lower leaf number, but a higher stage of spike, than plants left 
in the open showed on May 15 (Table 9). Similar results were observed in 
other experiments. Reduction in light intensity always reduced vegetative 
growth more than ear development. If plants with the same number of leaves 
are compared, the ear will have reached a more advanced stage in shaded 
than in unshaded plants. 

The results found were practically independent upon time of treatment. The 
figures in Table 9, therefore, are averages from 3 experimental periods, each 


lasting 10 days. The first of these began immediately after emergence; the 
last one ended on May 15. 
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Table 9. Effect of light intensity. Pot experiment with barley 1954. 
oo, 


Analysed on May 15 pe Analysed on May 22 
Treatment Number | Sta Percent of à Percent of 
À Stage of 5 Number | Stage of : 
tee À plants with ; plants with 
of leaves| spike fillers of leaves| spike filers 
Open air all time... 3.66 5.1 68 4.70 6.9 81 
Open air, except 10 
days in shadow 3.12 4.0 22 175421 6.4 55 
Shadow, except 10 | 
days in open air 3.06 | 4.1 14 | «802. | 59 25 
Shadow all time ... 2.90 3.9 2 | 3.30 | 5.7 0 
Discussion 


In discussing the possible error introduced by leaf counting, it is taken 
for granted that ear development is fully applicable as a method to charac- 
terize development of the entire plant. Leaf count is a less accurate, but 
quicker method, and much time could be saved by using it. Leaf count can 
be made in the field, eventually on growing plants, whereas determining 
the stage of ear development belongs in the laboratory. 

If plants are grown under conditions deviating greatly from normal (i.e. 
short day, winter culture, culture in greenhouses etc.) leaf counting will be 
insufficient to characterize their stage of development. The same is true if 
extremely small or extremely large quantities of seed are used. Normally, the 
seed quantity sown will be fairly constant, but if many plants are injured 
by disease or insect pests, conditions similar to lower seed rating may arise. 
In such crops, ear development on the main shoots will be somewhat 
retarded and many tillers will appear which lag behind the main shoot in 
development. 

Among the factors investigated, soil fertility and soil moisture did not 
greatly affect the relation between leaf number and ear development, and 
may be neglected in statistical treatment of results from a series of experi- 
ments. If a number of different varieties are investigated, large differences 
are found. Due attention must be paid to such differences when leaf count 
in different varieties are compared. 

Climatic factors are evidently very important. This investigation and 
Mitchell’s experiments with rye grass (8) indicate that the degree of tillering 
depends on the relation between temperature and light intensity. Since the 
correlation between ear development and number of tillers is negative, an 
advanced stage of ear development could be expected when the number of 
tillers is low. If leaf count is made late, attention could be paid to the degree 
of tillering, but if leaf count is made in a young crop, climatic conditions 


27 
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Table 10. Extreme high or low stages of ear development found in 5 years experiments 

with Rigel barley and Stdl oats. Two crops from each species in which ear development 

was initiated when leaf number was very low or very high. Field experiments with a seeding 
rate of 180 to 200 kg per hectare. 


Year and date 
of seeding 25 3.5 4.5 | 5.5 6.5 


Number of leaves 
| 
| 


Abed Rigel barley 
March 31, 1949 ... 3.0 53 | 7.2 
April 30, 1953 ...| 1.9 32 | 2.2 
Svalof Stal oats 
March 21, 1952 ...! 17 4.4 6.1 7.4 
March 18, 1953 ...| 1.0 2:3 4.4 6.2 


must be considered as a source of error in applying the method. This would 
also be the case, had it been possible to make experiments in greenhouses 
under controlled conditions. Such experiments, therefore, would be of no 
value in practical application of the leaf counting method, but would, of 
course, be of considerable theoretical interest. 


Since the increase in leaf number is discontinuous, but the ear develops 
continuously, the correlation between leaf number and ear development de- 
pends on the size of the leaf number. The closest correlation is found when 
the average leaf number is half-way between two whole figures. When the 
leaf number approaches a whole figure, the very slow increase in leaf number 
is a source of error. 


For a certain leaf number the development stage of the ear must lie 
between an upper and a lower limit. From a practical point of view, the 
most extreme values caused by short days or other unusual treatments are 
not essential. More important are the limits found in plants grown under 
normal field conditions. Such limits appear in Table 10. In 1949 spike 
development in barley was initiated when the leaf number was low; in 1953 
when the leaf number was one unit higher. In oats, the panicle started growth 
early in 1952, but late in 1953. The figures are from field experiments on a 
soil in good fertility. 180—200 kg seed were sown per hectare. Under these 


conditions, figures, below or above those shown, were very rare in Rigel 
barley and Stäl oats. 


The investigations were aided by a grant from The Danish Agricultural Cereal 
Breeding Foundation. 
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Summary 


In spring-sown barley and oats the relation between leaf number and ear 
development was investigated in a series of analyses. In the case of one single 
variety this relation was affected by weather conditions and by seeding rate, 
but the effect from soil fertility and soil moisture was inappreciable. There 
was a strong negative correlation between development of tillers and ear 
development in the main shoot. 

When using leaf count instead of ear development for growth analyses in 
spring-sown oats and barley, three sources of error exist: 1) error due to the 
influence of weather conditions and other uncontrollable factors (Table 10), 
2) errors due to the fluctuating increase in average leaf number (Figure 1), 
and 3) errors due to varietal differences and different seeding rates. Where 
a high degree of accuracy is required, examination of the ear could not be 
replaced by leaf count. Where less accuracy is necessary, counting of the 
leaves is an easy and useful method. 
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The investigations by Haagen-Smit, Leech and Bergen (1941) and by Ber- 
ger and Avery (1944) have shown that the acid auxin of maize kernels is 
indoleacetic acid. A large part of this auxin occurs as a precursor which, 
according to Avery, Berger and Shalucha (1942 a), can be transformed into 
auxin by alkaline hydrolysis. 

According to Hatcher and Gregory (1941), one cannot demonstrate the 
presence of auxin in the ovules of rye until two weeks after anthesis. The 
auxin content then rises to a maximum which is reached in five weeks fol- 
lowing anthesis, after which it again falls to a minimum as the caryopses lose 
water. Hatcher (1943) shows that the lowering of the auxin level is accompa- 
nied by the formation of an inactive auxin precursor from which auxin can 
be obtained by alkaline hydrolysis. 

Avery, Berger and Shalucha (1942 b) show that the auxin content is low in 
the ovules of maize during the time preceding pollination but that it starts 
rising immediately after, reaching a maximum in 1—3 weeks after pollination. 
The amount of auxin then decreases anew. The bulk of the auxin occurs as 
precursor. Avery et al. were unable to demonstrate the existence of any fixed 
relationship between the amount of auxin precursor and the amount of free 
auxin. 

Hinsvark, Houff, Wittwer and Sell (1954) demonstrated the presence of 
small amounts of indoleacetic acid in very unripe maize kernels by means of 
colorimetric methods. As ripening proceeds, the amount is increased to a 
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maximum,’ which is reached while the kernels are still unripe. Afterwards the 
indoleacetic acid content falls off again, so that no indoleacetic acid can be 
demonstrated by their methods in fully ripened maize kernels. During the 
stage at which the indoleacetic acid content is at its maximum, Hinsvark et al. 
also found ethyl-indoleacetate in the kernels. 

It has thus been demonstrated that the auxin in seeds is transformed during 
their ripening process into inactive precursors, with the result that the auxin 
content in ripe seeds is comparatively low. Only a part of the auxin extracted 
with water or ether from the seeds studied by the above-mentioned authors, 
is likely to have been free auxin. The greater part of it was presumably bound 
in one way or another and was only liberated during the course of the extrac- 
tion, so-called bound auxin. In the present paper an account will be given of 
some experiments showing the balance between such free and bound auxin 
in maize kernels at different stages of germination, and the influence of 
externally administered indoleacetic acid on this balance. A preliminary re- 


port of some of the results was given in a previous publication (Hemberg, 
1954 c). 


The Natural Auxin Balance in Dormant and in 
Germinating Maize Kernels 


Linser (1939) has shown that the auxin content of barley caryopses increa- 
ses during swelling. In the course of subsequent germination the auxin con- 
tent falls off slowly. Funke (1943) is of the opinion that the temporary 
increase of auxin activity in Linser’s experiments was caused by the dis- 
appearance of inhibitory substances rather than by a real increase in auxin 
content. 

Avery, Creighton and Shalucha (1940) applied different extraction methods 
to dormant and germinating maize kernels. When they extracted the kernels 
with water, they found the highest auxin activity in extracts of dry kernels. 
The auxin activity became successively lower in extracts prepared from ker- 
nels in a more and more advanced state of germination. When they used 
ether or alcohol or a mixture of both as extraction solvents, they obtained 
much lower auxin activities; and the maximum auxin activity was found in 
extracts of kernels that had been swelling for 24 hours, whereas longer pe- 
riods of swelling reduced the level of auxin activity. 

von Guttenberg and Lehle-Joerges (1947) have investigated the presence of 
auxin i.a. in aqueous extracts of maize kernels. They find, in contrast to the 
results obtained by Avery and his co-workers with the same extraction me- 
thod, that the content of auxin increases in the kernels during the first 
24 hours of swelling, after which it again decreases. 
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Figure 1. Extraction of maize kernels ajter 48 hours of swelling at +28° C. Temperature 
during extraction: +2° C (©) and +28° C (@). Abscissa: extraction time in hours. Ordinate: 
total amount of extracted acid auxin, expressed as WAE/1000 per maize kernel. 


Sircar and Das (1951) find that in rice the auxin content of the endosperm 
decreases during the course of germination. 

Yamaki and Nakamura (1952) have studied in a comprehensive investiga- 
tion the auxin content and the tryptophane content of maize kernels at diffe- 
rent stages of germination. They distinguish between free auxin, both neutral 
and acid, and bound auxin. But they do not use these terms in the customary 
sense (van Overbeek, de Vazquez and Gordon, 1947). Owing to the treatment 
of the material and the length of the extraction period, the greater part of 
what they call free auxin must consist of auxin liberated from bound stages 
in the course of extraction. 


Method. — Sugar maize of the »Express» variety from W. Weibull Ltd. of Lands- 
krona was used in the experiments. The kernels were extracted with wet peroxide- 
free ether. Before extraction, dry kernels were ground in a mill, while swelled or 
germinated kernels were ground with mortar and pestle. All the kernels examined, 
whether swelled or germinated, were soaked for 10 minutes before swelling in a 
1 per cent calcium hypochlorite solution for the prevention of fungus growth. After 
thorough rinsing they were left in water at +28°C for a further 2 hours and 
50 minutes. Thus they lay in water for 3 hours altogether. Some of the swelled ker- 
nels were extracted immediately after swelling; others were placed on wet filter 
paper in large petri dishes at +28° C, and samples were extracted after various 
periods of time. 

In the extraction the same distinction was made between free and bound auxin 
as in earlier experiments (Hemberg, 1951, 1954 a and b). The auxin extracted during 
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Table 1. Amount of acid auxin, expressed as WAE/1000 per kernel, extracted at different 

temperatures from maize kernels that had swelled for 24 hours. The first extraction lasted 

for 3 hours with a change of ether once per hour. The second extraction lasted for 
45 hours during which time the ether was changed twice. 


a First extraction > Second extraction 
Ps. Amount of auxin Amount of auxin lu ne; 
Temp. Temp. = & and second extractions 
jee Det. | Average Det; Average 
Fec| 272 Fes C |) 376 | 
275 27.4 38.0 37.8 65.2 
| +28° C 32.0 +28° C 34.0 
36.0 35.0 34.5 34.8 69.8 
37.0 | 36.0 


the first 3 hours was called free auxin. This extraction took place at +2° C, the 
ether being changed every hour. The auxin extracted during the following 45 hours 
was called bound auxin. The second extraction took place in an incubator at +28° C, 
the ether being changed twice. Figure 1 gives an idea of the course of the extraction 
at the two temperatures. At both temperatures most is extracted during the first hour, 
after which the yield falls off very considerably. The yield is higher at +28° C than 
at +2°C; this is evident already during the first hour. It is thus plain that the 
liberation of auxin from bound precursors proceeds more easily in the warmth than 
in the cold, and that it proceeds so rapidly that, in the extraction of free auxin, it is 
not sufficient to make the extraction during a short period, but it must also take 
place in the cold. See also Table 1. 

The extracts were fractionated according to Boysen Jensen’s method II (1941), and 
the acid fraction alone was assayed for auxin. The auxin content of the extracts was 
determined by means of the Avena test in the form previously used (Hemberg, 1947). 

The auxin values obtained are expressed in WAE units, as defined by Boysen Jen- 
sen (1941). Nowadays the auxin values are usually expressed in ug indoleacetic acid. 
To do this, the sensitivity of the Avena test to synthetic indoleacetic acid is examined 
every day. In his own experiments, however, the present author has found this to be 
a rather unsuitable method, as the activity decreases in crystalline indoleacetic acid 
after lengthy storage. If one has several preparations of different age, these can thus 
exhibit a varying degree of activity. As the test plants used in the cultivation method 
recommended by Boysen Jensen (1937) appear to retain approximately the same 
sensitivity throughout the entire year (Juel, 1941, Hemberg, 1947), it would there- 
fore seem more appropriate to express the auxin values in the relative unit WAE. 


Results and Discussion. The Auxin Content in Dormant Maize Kernels. — 
The content in dry intact maize kernels was determined on 3 occasions. The 
results (see Figure 2A) show that the kernels, when extracted on May 19, 
1954, contained large amounts of bound auxin, while they contained far less 
at the extraction on August 20 and still less on September 1. The experiments 
were made with kernels from the same harvest; these had been kept in the 
laboratory in the intervals between the extractions. Consequently, the diffe- 
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Figure 2. Amount of free (©) and bound (©) acid auxin in dry maize kernels. A. The ker; 

nels extracted at different times in 1954. Abscissa: date of extraction. Ordinate: as in Fig. 1. 

B. Kernels with different water contents extracted on Oct. 27, 1954. Abscissa: water content 
as percentages. Ordinate: as in Figure 1. 


rences ınust be due to changes occurring in the kernels as a result of storage. 
Among other things, the kernels had lost water. There is a possibility that it 
might be easier to extract bound auxin from comparatively wet maize kernels 
than from comparatively dry ones. 

For a closer study of the significance of the water content in relation to the 
auxin yield during .extraction, kernels with different water contents were 
extracted with ether. The experiment was made on October 27, 1954, with 
kernels from the same harvest (1953) as those used in the preceding experi- 
mental series. They had been kept for 9 days in desiccators over silica gel, 
saturated sodium chloride solution or distilled water. The resulting water 
contents of the kernels were 7.1, 12.9 and 18.1 per cent respectively. At that 
time untreated kernels contained about 10 per cent. 

The experiment shows (see Figure 2 B) that the content of bound auxin is 
equally great in kernels with a 7.1 per cent water content and in kernels with 
a 12.9 per cent water content. This difference in the water content of the ker- 
nels is thus of no significance for the result of the extraction. The content of 
free auxin, also, is roughly the same in the two lots of kernels. The kernels 
containing 18.1 per cent of water were soft and had begun to swell slightly. 
In connection with this incipient swelling their amounts of bound as well as 
of free auxin had slightly increased. The content of bound auxin in extracts 
from these kernels was, however, still much lower than it was in extracts 
prepared from dry kernels on May 19 (see Figure 2A and B). 
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It is clear from the experiment that within certain limits the water content 
of the kernels is of no particular significance for the yield of bound auxin 
during the extraction. The differences in content of bound auxin demonstrated 
in extracts prepared on different occasions from dry maize kernels, cannot 
therefore be explained as a result of decreasing water content in the kernels. 
They must instead be due to the fact that the auxin precursors which yield 
»bound auxin» were present in greater amounts at the extraction on May 19 
than at the later extraction dates. While the maize was being stored, there 
evidently took place a gradual transfer of auxin precursors with compara- 
tively easily extractable auxin to auxin precursors with more firmly bound 
auxin. This seems to be a continuation of the process that Hatcher (1943) 
found to take place in ripening rye caryopses. Juel (1941) also found that 
the auxin content of the seeds decreases during storage. The auxin amounts 
determined by her comprise free as well as bound auxin, as she made use of 
ether extraction over a long period, 2 days, at room temperature. 

The fall in the yield of bound auxin (Figure 2 A) might also be explained 
by assuming that the enzymatic activity had decreased during storage. How- 
ever, this should not merely affect extraction of the bound auxin but also 
extraction of the free. In kernels with a low enzymatic activity one would 
expect to find a smaller amount of free auxin than in kernels with a higher 
enzymatic activity. However, in all the extractions the same amount of free 
auxin was demonstrated in the kernels (see Figure 2 A). 

The Auxin Content of Maize Kernels at Different Stages of Swelling. — 
In four experimental series maize caryopses at varying stages of germination 
were extracted. In the first series the extractions began on May 19, 1954. 
It comprised dry kernels and kernels that had swelled for 3, 24, 48 and 
96 hours. In the last two lots of kernels both roots and coleoptiles had formed. 
As already mentioned (see p. 421), the dry maize kernels in this series con- 
tained large amounts of bound auxin. In the extract from kernels that had 
swelled during 3 hours the content of bound auxin was lower (see Figure 3 A), 
and it was still lower in the extracts prepared from kernels that had swelled 
24 and 48 hours respectively. Concurrently with the fall in the amount of 
bound auxin there was a rise in the amount of free auxin, so that this, which 
was very low in the extract of dry kernels, was higher in the extract prepared 
from kernels that had swelled for 3 hours and still higher in extracts of ker- 
nels that had swelled for 24 and 48 hours respectively. 

The extracts in the next experimental series (see Figure 3 B) were prepared 
on August 20, 1954. As already mentioned, the content of bound auxin in the 
dry kernels was here much lower than in the previous series. In the extract 
of kernels that had swelled during 3 hours the content was much higher than 
in the extract of dry kernels, but it was again lower, just as in the previous 
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Figure 3. Amount of free (©) and bound (©) acid auxin in maize kernels at different stages 
of swelling. Abscissa: swelling time in hours. Ordinate: as in Fig. 1. The extractions began 
on May 19 (A), Aug. 20 (B), Sept. 1 (C) and Nov. 16 (D), 1954. 


series, in the extracts prepared after 24 and 48 hours’ swelling respectively. 
The content of free auxin was low in the extract prepared from dry kernels 
and higher in the extract of kernels that had swelled during 3 hours. The 
largest amount of free auxin was present in the extract from kernels that had 
swelled for 24 hours, while the extract of kernels that had swelled for 48 hours 
— in contrast to the preceding series — again contained a smaller amount. 
This might, however, be due to losses caused by fractionating the extract. 

The results of the third experimental series (see Figure 3 C) coincide in 
the main with those of the preceding series. The amount of bound auxin is 
low in the extract of dry kernels and much higher in the extract of kernels 
that had swelled for 3 hours; and it is again lower in the extract of kernels 
that had swelled for 24 hours. The amount of free auxin is lowest in the 


extract of dry kernels and rises successively in the extracts of kernels swelled 
for 3, 24 and 48 hours respectively. 
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Figure 4. Amount of free (0) and bound (8) acid auxin in maize kernels at different stages 

of swelling. Endosperm and embryo were extracted separately. A—C. The extractions begun 

on June 16; D—F. The extractions begun on Nov. 23, 1954. A and D. Amounts of auxin 

from the endosperm and embryo extracts taken together. B and E. The auxin amounts in 

the endosperm extracts. C and F. The auxin amounts in the embryo extrac!s. Abscissa and 
ordinate: as in Figure 3. 


In the fourth experimental series, finally, which only comprises kernels 
swelled for 3 and 24 hours respectively (see Figure 3 D), the results agree well 
with the results obtained in the three previous series. 

In two experimental series the kernels were allowed to swell as before, but 
embryo and endosperm were extracted separately. If we add together the 
amounts of bound auxin in extracts of endosperm and in extracts of embryos 
from different swelling stages, we find that extracts of dry kernels or of ker- 
nels swelled during 3 hours no longer contain the greatest amount of bound 
auxin, as they did in the preceding series in which endosperm and embryo 
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were extracted together. Instead, extracts of kernels that have swelled for 
24 hours contain most bound auxin (see Figure 4 A and D). If we consider 
the extracts of endosperm and embryo separately, we find, in the case of the 
endosperm extracts (see Figure 4B and E), that in extracts of dry kernels 
there is little bound auxin and in extracts of kernels swelled for 3 hours con- 
siderably more. In extracts of kernels that have swelled for 24 hours, there is, 
in one series at least, just as much as in the immediately preceding extract, 
and in another series more. The largest amount of free auxin is present in 
extracts of kernels swelled for 24 hours and the smallest amount in extracts 
of dry kernels. If-we consider the embryo extracts (see Figure 4 € and F) 
we find that extracts of dry kernels and of those that have swelled for 3 hours 
contain relatively little bound auxin, while extracts of kernels swelled for 
24 hours contain much more. There is very little free auxin present in the 
embryo extracts. In one of the experimental series the largest amount occurs 
in the extract of kernels swelled for 3 hours, while in the other the extract of 
kernels swelled for 24 hours contains slightly more than the extract of those 
swelled for 3 hours. 

In extracting intact maize kernels, we are thus able to establish an increase 
in the amount of bound auxin, i.e. of auxin precursors, during the first hours 
of swelling, if the content of the kernels in a dry state is low, but a decrease, 
if the content of bound auxin in the dry kernels is high. Subsequently, there 
takes place in all the series during the next 24 hours of swelling a reduc- 
tion in the amount of bound auxin. Concurrently with this reduction of the 
bound auxin, there is an increase in the amount of free auxin. This must be 
derived from the bound auxin, i.e. from auxin precursors. 

If we consider the experiments on intact maize caryopses, the data obtained 
in the series of May 19, 1954, indicate that the total content of auxin (the sum 
of free and bound auxin) decreases slowly during the first 48 hours of ger- 
mination. This result is in agreement with those of Avery, Creighton and 
Shalucha (1940). The data obtained in the series of August 20 and September 9 
indicate that the total auxin content first rises steeply during swelling and 
then falls off somewhat. Similar findings were reported by von Guttenberg 
and Lehle-Joerges (1947). In the series of Sept. 9 (Figure 3 C) extracts of 
kernels swelled for 24 and 48 hours respectively, admittedly contain equal 
amounts of bound auxin, but in this series, too, the extract prepared from 
kernels that have swelled for 24 hours is lower in bound auxin than the ex- 
tract prepared from kernels swelled for 3 hours. 

The fact that the result of the extraction is entirely different when endo- 
sperm and embryo are extracted separately, may probably be explained as 
follows. Auxin precursors are likely to be present most abundantly in the 
endosperm, while the bulk of the enzymes which can form auxin from these 
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precursors during ether extraction, are present in the embryo. In a prolonged 
ether extraction of intact kernels that have swelled for 3 hours, a large amount 
of the endosperm’s auxin precursors can consequently, during the extraction, 
be transformed into auxin, by the action of the embryo’s enzymes. If, on the 
other hand, endosperm and embryo are extracted separately, a large amount 
of auxin precursors is certainly present in the endosperm, but there is insuf- 
ficient enzyme to transform any considerable quantity of these into auxin 
during a prolonged extraction. Accordingly, smaller amounts of bound auxin 
are obtained in extracting isolated endosperm tissue from maize kernels that 
have swelled for 3 hours than in extracting entire maize kernels of the same 
degree of swelling. In the embryo, there is at this time no substantial amount 
of auxin precursors. If, however, the kernels are allowed to swell for 24 hours, 
part of the precursor material which was initially present in the endosperm, 
will be transferred to the embryo. If the embryo is isolated after 24 hours of 
swelling, therefore, is does contain a certain amount of precursor, which can 
serve as a substrate for the conversion enzymes. Consequently, auxin should 
be released during prolonged ether extraction. 

Yamaki and Nakamura’s (1952) results are difficult to compare with those 
described in the present paper. This is partly due to differences in extraction 
technique. As they extracted their material by comparatively violent methods, 
this is likely to have affected the yield of auxin. The fact that they found 
only small amounts of »free auxin» in the endosperm and much more in the 
embryo, is noteworthy. 


The Fate of Externally Administered Indoleacetic Acid 
in Germinating Maize Kernels 


Many attempts have been made to influence the germination of seeds by 
addition of indoleacetic acid. The reader is referred to Kruyt (1954) for a re- 
view of this subject. 

Siegel and Galston (1953) have shown that if indoleacetic acid is adminis- 
tered to excised pea roots it will be bound to proteins in the roots. Also in vitro 
the proteins of pea roots are capable of coupling with indoleacetic acid. 

Dettweiler (1942) found that the auxin content in the Coleus internode rises 
if the internode is coated with indoleacetic acid paste. He claims that the in- 
crease in auxin activity is due to neoformation of auxin a, provoked by the 
action of indoleacetic acid. He believes that he can identify auxin a by its 
stability to boiling with HCl. However, investigations by Bentley and Housley 
(1953) have shown that indole acetonitrile, which occurs naturally in plants, 
is stable to boiling with acids. It seems reasonable, therefore, to assume that 
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the applied indoleacetic acid has been converted to indole acetonitrile in the 
plant. The possibility exists that such conversion might be one step in the 
transformation of free into bound auxin. To test the correctness of the hypo- 
thesis that externally applied indoleacetic acid can form bound auxin in the 
plant, some experiments have been made in which the content of free and of 
bound acid auxin was determined in untreated maize caryopses and in cary- 
opses treated with indoleacetic acid, the kernels in both cases being at diffe- 
rent stages of swelling. 

Of 6 lots of dry maize kernels, with 50 kernels in each lot, 2 lots were placed in 
distilled water, 2 in indoleacetic acid solution, 10 mg per litre, and 2 in indoleacetic 
acid solution, 100 mg per litre. After 3 hours at +28° C, the kernels were well rinsed 
and carefully dried with filter paper. One lot of kernels from each solution was im- 
mediately subjected to ether extraction, while the other was placed on wet filter 
paper in a large petri dish and allowed to swell for a further 21 hours at +28° C. 
Afterwards this lot was also extracted. In both cases free and bound acid auxin were 
distinguished as previously described. 


The results show that kernels which were treated for 3 hours with indole- 
acetic acid solution contained more free acid auxin than those soaked in pure 
water (see Figure 5 A). The extract of kernels from the weaker solution con- 
tained twice as much and the extract of kernels from the stronger solution 
30 times as much as the extract of kernels soaked in pure water. The amount 
of bound auxin also increased in kernels treated with indoleacetic acid but 
far less than the amount of free auxin. Thus the extract of kernels from the 
weaker solution contained 1.5 times as much, and the extract of the kernels 
from the stronger solution 5 times as much as the extract of those soaked in 
water. 

The situation was different in the case of kernels that had lain for a fur- 
ther 21 hours on wet filter paper. In these the content of free auxin was cer- 
tainly higher in the lots that had lain in indoleacetic acid solutions than in 
the lot that had lain in water, but the differences were no longer so great. 
The extract of kernels from the strongest indoleacetic acid solution now con- 
tained only about 5 times as much free auxin as the extract of those that had 
lain in water. The extract of the kernels from the weakest solution still con- 
tained twice as much as that of the water-treated ones. But now one found 
great changes in the content of bound auxin in those kernels that had been 
treated with the stronger indoleacetic acid solution. The extract of these ker- 
nels contained at this time 12 times as much bound auxin as the correspond- 
ing extract of the water-treated ones, while the extract of kernels from the 
weaker solution merely contained twice as much as the extract of the water- 
treated ones (see Figure 5 B). Evidently, the strongest indoleacetic acid solu- 
tion has induced the formation of considerable quantities of bound auxin in 
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Figure 5. Amount of free (©) and bound (©) acid auxin in maize kernels that had swelled 

for 3 hours in pure water or in indoleacetic acid solutions, 10 and 100 mg per litre respec- 

tively. A. Immediately after swelling. B. After the kernels had been allowed to swell for a 

further 21 hours on wet filter paper at +28° C. Abscissa: mg indoleacetic acid per litre of 
the solution in which the kernels were soaked. Ordinate: as in Figure 1. 


24 hours. It seems, therefore, that the enzymes which transform bound auxin 
to free, can also transform free auxin to bound. The direction which the re- 
action is to take is determined by the substances present. If a large surplus of 
free auxin is present, the reaction, according to the law of mass action, must 
thus take the direction from free to bound auxin. 

Hitherto, the chemical nature of the bound auxin has not been investigated. 
It is, however, reasonable to assume that tryptophane may in some way play 
a part in the formation of this auxin. According to Stehsel and Wildman (1950) 
tryptophane is enzymatically converted to indoleacetic acid in maize kernels. 
The auxin thus formed, subsequently enters an »auxin complex», which may 
be regarded as a potential source of auxin, an auxin precursor. It is also quite 
possible that tryptophane itself constitutes an auxin precursor (for literature, 
see Gordon, 1954). 

The capacity of maize kernels rapidly to convert tryptophane to acid auxin 
was demonstrated in the following experiment. Six lots of maize kernels at 
three different stages of swelling or germination (0, 3, and 96 hours) were in- 
cubated for 4.5 hours at +28° C in a phosphate buffer, pH 7.0, with or with- 
out the addition of 100 mg tryptophane per litre. After incubation, the kernels 
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Table 2. Amount of free auxin extractable during 1 hour at +2°C from maize kernels at 

different stages of swelling. Extractions were made after incubation of the kernels for 

4.5 hours at +28° C, in a phosphate buffer, pH 7.0, with or without the addition of 100 mg 
tryptophane per litre. 


No. of hours during | Treatment. With k 1 Difference, expressed as 
which the kernels |tryptophane=+, WAE/O00; per Ketne WAE/1000 per kernel, between 
had swelled before | Without trypto- kernels with and without the 
| treatment phane = — Det. Average addition of tryptophane 
mm Ten hh nnn 
| I 
| 0 | + 11.21 
| 12.87 12.4 
| 13.13 
0 = 9.46 | 
| 1107 103 | 21 | 
3 - 11.96 4 | 
| 13.20 ane 
| 3 — 8.86 
| | 8.86 31 3.5 r 
| 9.72 | | 
96 + 2.14 93 | 
| 2.43 | | 
| 
96 = 1.07 
| 1.50 > 1.0 


were well rinsed and carefully dried with filter paper. They were then ground 
in a mortar and extracted for 1 hour at +2° C with ether. The ether was 
changed once during this time. The results (see Table 2) show that extracts 
of kernels incubated with tryptophane contained more free auxin than ex- 
tracts of kernels incubated without tryptophane. Thus the tryptophane con- 
stitutes an auxin precursor from which the maize kernels can form free auxin 
fairly rapidly. The tryptophane preparation used proved to be completely in- 
active in the Avena test and consequently contained no traces of indoleacetic 
acid. 


Summary 


1. The content of free and bound acid auxin was determined in maize ker- 
nels at different stages of swelling. In the present study free auxin means 
auxin extractable in 3 hours at +2° C with a change of ether at the end of 
each hour. Bound auxin means auxin extractable from the same material 
during the subsequent 45 hours at +28° C. Within this period the ether is 
changed twice. 

2. Dry maize kernels from the 1953 harvest, which had been stored in the 
laboratory from May 19 to Sept. 1, 1954, contained considerably more bound 
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auxin at the beginning of the storage period than they did at the end of it, 
although the content of free auxin remained unchanged. It has been demons- 
trated that this cannot be due to the fact that a reduction in the water content 
of the kernels during storage, resulted in a reduced yield in the extractions; 
this must be due instead to changes in the content of auxin precursors in the 
kernels. 

3. The content of free auxin was consistently higher in extracts from maize 
caryopses that had swelled for 24 or 48 hours than it was in extracts of cary- 
opses that had swelled for only 3 hours. In these it was consistently higher 
than in extracts of dry kernels. Concurrently with the increase in the amount 
of free auxin in the kernels during swelling, there was a decrease in the 
amount of bound auxin. In extracts of kernels that had swelled for 24 hours 
there was in all cases a smaller amount of bound auxin than in extracts of 
kernels swelled f ;r 3 hours. 

4. Results of auxin determinations in extracts of isolated embryos and 
endosperms were in accord with the view that, in the dormant caryopse, 
auxin precursors occur most abundantly in the endosperm, whereas the 
conversion enzymes, active during extractions, are located mainly in the em- 
bryo. During the process of swelling part of the auxin precursors are probably 
transferred to the embryo. 

5. If maize kernels are incubated for 3 hours in an aqueous solution of 
synthetic indoleacetic acid, 100 mg per litre, the content of free auxin in the 
kernels rises very considerably at first. Within 24 hours, however, most of 
this free auxin is transformed into bound auxin. 

This paper has been produced with the aid of a grant from the Swedish Science 


Research Council. The author is indebted to Miss Maja-Liisa Keltanen for valuable 
technical assistance. 
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Passive Components in the Ion Absorption of the Plant. 
I. The Zonal Ion and Water Absorption in 


Brouwer’s Experiments 
By 
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The ion absorption of the plant from the medium has long been regarded 
as an active process associated with the metabolism in the root. During the 
most recent years, however, strong evidence has been presented from different 
quarters that the ion absorption of the plant is of a complex nature. Thus it 
has been established that ion diffusion from the medium to the root with sub- 
sequent adsorption to the cell walls and plasma together with mass flow of 
ions with the transpiration stream accounts for a considerable part of the ion 
uptake of the plant. Some of the ions which by diffusion or mass flow from 
the medium penetrate into the root are actively accumulated in the root tis- 
sues, above all in the vacuoles, while the other ions are carried passively fur- 
ther to the shoot with the transpiration stream or are pressed actively to the 
shoot by the bleeding mechanism. A valuable resumé of the more recent stu- 
dies on the mechanism and different components of ion uptake has been 
made by Burstrém (1954). 

Diffusion with adsorption. It has frequently been demonstrated that when 
excised roots are transferred to a more concentrated medium a rapid uptake 
of ions takes place immediately after the transfer. This phenomenon is cur- 
rently interpreted as a diffusion of ions to the parts of the root which are 
freely accessible to ion diffusion from the medium, This first component of 
ion uptake includes also the subsequent adsorption of ions to electrically 
charged points in the cell walls and above all in the cytoplasm within the 
root. Here positive ions exhibit a higher adsorption than negative ones. If the 
root is placed in a weaker medium, on the other hand, ions from the root dif- 


[433] 


434 BERTIL HYLMÖ 


fuse back into the medium. In this discussion Hope and Stevens (1952) have 
coined the expression, »the apparent free space» (A.F.S.), as a designation of 
the proportion of a given root tissue which appears to reach the external con- 
centration when placed in a solution. For further data concerning this pro- 
blem the reader is referred to Hope and Stevens (1952), Butler (1953), Hope 
(1953), and Hylmö (1953). 

Mass flow. The comprehension of the cell walls of the root and possibly 
also the cytoplasm to a certain extent being accessible to diffusion from the 
medium agrees well with the experimental data which establish that ions in 
mass flow are drawn by the transpiration stream from the medium through 
the root to the shoot. The author has been able to demonstrate increased up- 
take of calcium as well as chloride ions with increased water flow in three- 
week-old pea plants (Hylmö 1950, 1953). The rate of water transport was 
varied in four different ways, namely through 1. altered relative humidity, 
2. darkness-light, 3. different root temperatures and 4. use of truncated plants. 
The ion uptake was shown to be dependent on the rate of water flow but in- 
dependent of the manner in which the transpiration was varied. Reviews of 
older works on the significance of transpiration for the salt uptake of plants 
are given by Hylmö (1953) and Brouwer (1954). Some of the recent publica- 
tions will be mentioned. 

Petritschek (1953) was able to demonstrate by determination of the electro- 
lyte content in the stems of Clematis bushes in nature that with the higher 
intensity of transpiration during the day considerably more ions were trans- 
ported through the stems than during the night. In his survey of transloca- 
tion of solutes in plants Huber (1953) has also accepted the transpiration 
stream as an ion transporter. Likewise Butler (1953) found a correlation be- 
tween water flow and ion uptake in young wheat plants in water culture. 
Brouwer (1953 d, 1954) has also shown in his extensive investigations that 
the transpiration in peas and broad-beans affects the magnitude of the ion 
uptake. For peas Brouwer (1954, p. 306) found a rectilinear connection be- 
tween water flow and anion absorption. 

In comprehensive studies on maize, Salicornia and Suaeda, Oknina (1953) 
found that the transpiration stream accelerated the chloride uptake of the 
plant. The ion uptake was not completely dependent on the water flow for 
chloride uptake occurred simultaneously independently of the transpiration. 
Thus the water flow accounted for 20 to 60 per cent of the total chloride 
absorption from a dilute solution of potassium chloride during normal trans- 
piration. 

In a recently published work Mes (1954) found that the leaves’ excretion of 
salts (P%) in rain and with soaking increases strongly after periods of inten- 
sive transpiration. The excretion of the leaves comprised a considerable part 
of the mineral storage of the plant. 
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Additional evidence is found in works where the authors themselves have 
not drawn the conclusion of the connection between water flow and ion up- 
take. Vöchting (1953, figure 6 and table 14) found in young maize plants that 
the total zinc content per plant did not increase during the first six days after 
the sowing despite a rather vigorous root development. On analysis 12 days 
later, however, the zinc content in the plant had been doubled and after 
21 days it had increased five-fold. The author’s interpretation of this pheno- 
menon is the following: the roots themselves absorb none or very little zinc and 
first during the 7—12 days after transpiring leaves have developed is zinc drawn 
into the plant with the water flow. With the very greatly diluted medium 
employed (15 uM-Zn) the diffusion in A. F. S. can hardly be expected to be 
measurable. 

Hansson and Biddulph (1953) investigated the migrations of the rubidium 
(Rb**) and phosphate (P3?) ions in young bean plants during different periods 
of the day and night and found that the ion transport to the shoot was 
appreciably higher during the day than during the night. They demonstrated 
later that the fluctuation in the ion transport was not due to a 24-hour- 
rhythm but that light during the night as well as light during the day had 
the same effect and they concluded that the increased ion transport to the 
shoot was connected with the light. A determination of the water flow in 
Hansson and Biddulph’s experiment would probably have shown that the 
transpiration was the primary factor. 

Accumulation. Building further on Strugger’s (1942) assumption of ion 
transport in the cell walls of the leaves the author (Hylmö, 1953) believes 
that also the cells in the root are surrounded by an aqueous medium con- 
taining dissolved salts. The root cells are assumed to be immersed in a nutrient 
medium from which the cell individually, actively accumulates ions to the 
cytoplasm and vacuole analogically to the behaviour of the unicellular sub- 
mersed alga. Thus the root actively absorbs ions only for its own requirement. 
For the shoots’ salts the root is only a transport route through which ions are 
passively borne with the help of the transpiration stream. Nevertheless the 
phenomenon which we observe in excised roots as bleeding is also an active 
absorption, where the punctured, still living xylem cells accumulate ions 
(test-tube hypothesis, Hylmö, 1953). Mes (1954) also regards the cell wall as 
a transport route for salts in exudation through the epidermis. 


Brouwer’s experiment 


Brouwer (1953 d, 1954) has verified the author’s experimental results and 
found that the ion uptake in intact plants increases markedly with increasing 
transpiration. On the other hand, Brouwer proposes an interpretation of the 
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physiologic background to the observed relationship which deviates strongly 
from the author’s explanation. The author has previously (Hylmö 1953, pp. 
381—386) discussed in detail the question of whether the transpiration stream 
directly or only indirectly affects the ion uptake. Indirect action of the trans- 
piration stream would imply that the root first actively accumulates all the 
ions which pass the root. The transpiration stream is thereby conceived as 
only accelerating the active absorption by further transport of previously ac- 
cumulated ions. Available experimental material in the author’s opinion 
strongly favours the theory that the ions are thus passively drawn through the 
root to the shoot in mass flow independently of the metabolism in the root. 
Contrary to this Brouwer (1954, p. 306) believes that the salt uptake at high 
as well as at low suction tension from the shoot is a fully active process and 
that there is no reason to suppose a passive transport of ions in the transpira- 
tion stream for the materials used. 

This paper is completely devoted to an analysis of Brouwer’s (1954) experi- 
mental data, which will be presented here diagrammatically according to the 
method the author has previously applied (Hylmö 1953). Brouwer’s experi- 
ments agree very well with mine and in my opinion they provide new and 
valid evidence that the ion uptake of the root is of a complex nature and that 
the transpiration component is passive and independent of the metabolism in 
the root. 

Brouwer denies the occurrence of passive ion uptake, in spite of the fact 
that he has not divided up the ion passage into the root into its components. 
Nevertheless Brouwer’s material permits such a division. His experiments are 
of so high class that they are worthy of a detailed revision. His technique is 
interesting and should in the future be able to give further insight into the 
role of the root in the water and mineral supply of the plant. 

Method. Brouwer (1954) used five- to seven-week-old Vicia faba plants 
grown in tap water and thus deficient in salts. Water flow and ion absorp- 
tion were determined for individual root branches divided into 3-cm zones 
according to a method which is based on Brewig’s (1937) micropotometer 


technique. The root-tip zone is designated zone I and the successive 3-cm 
zones II, III, IV and V. 


Passive components in the ion uptake 


When Brouwer employed 2,4-dinitrophenol (DNP) as the inhibitor the rate 
of water flow was not affected but, on the other hand, the ion uptake of the 
root was. The experiment with chlorides from Brouwer’s table IX (1954) has 
been plotted in figure 1 A. Water and ion passage could not be determined 
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Figure 1. The influence of 10-5 M-2,4-dinitrophenol (A) and of oxygen deficiency (B) on 

the water and chloride uptake of the different root zones at high suction tension in the 

vessels. Uptake per 3 cm of root length during 24 hours from a medium of 5 mM-calcium 
chloride. Roman numerals designate the root zones counted from the root tip. 


A. Circles denote without DNP, squares with DNP. From Brouwer (1954, table IX A). 
B. Circles denote aerated roots, squares without air. From Brouwer (1954, table X). 


simultaneously in the same zone but Brouwer has recorded the water passage 
in every other zone and the chloride uptake in the intervening ones. By inter- 
polation I have calculated the water influx into the zone where only the ion 
uptake has been determined. In view of Brouwer’s very regular experimental 
values and the good agreement between different experiments this procedure 
gives a good idea of the rate of the water flow. DNP inhibited a consider- 
able part of the ion passage from the medium to the root. Similarly Brouwer 
(1954) found in another experimental series a strongly reduced ion uptake 
in oxygen deficiency (figure 1B). 

It is remarkable that both when the metabolism is disturbed with DNP 
and through decreased oxygen tension the residual ion uptake of the inhibited 
root zones is directly proportional to the water flow. The regression lines for 
the relationship water/ion passage point in both cases almost towards the 
origin, which indicates that without water flow no ion uptake occurs. With 
the DNP concentration employed the salt accumulation is arrested (Robert- 
son, Wilkins and Weeks 1951, Lundegärdh 1952 and Butler 1953). Oxygen 
deficiency has also been shown to inhibit the active ion uptake. The residual 
uptake demonstrated here represents the passive components in the ion up- 
take, namely, diffusion and mass flow. The diffusion component for the nega- 
tive chloride ions, which are little adsorbed to the structures of the root, can 
be expected to be weak as in pea roots (Hylmö 1953, p. 373) and wheat 
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Figure 2. The influence 10-5 M-2,4-dinitrophenol (A), of 5+ 10—® M-potassium cyanide (B), 

and of nitrogen bubbling through the medium (C) on the chloride uptake of the different 

root zones at low and at high water uptake. Uptake per 3 cm of root length during 24 hours 

from a medium of 5mM-calcium chloride. Roman numerals designate the root zones 

counted from the root tip. Circles denote without inhibitors, squares with inhibitors. 
From Brouwer (1954, table VI). 


roots (Butler 1953) and to be negligible in comparison to the mass flow. 
In all the series treated here Brouwer started the readings four hours after 
the plants were transferred to the experimental medium. An equilibrium is 
thereby attained with the medium and diffusion with subsequent adsorption 
is not included in the reported values on ion uptake. Brouwer’s technique of 
rinsing with distilled water after each step in the experiment may also be 
assumed to diminish the root’s content of free ions in the cell walls. 

In another series of experiments Brouwer (1954, table VI) has compared 
the chloride uptake to the root during the use of different inhibitors with 
weak and strong water flow. In these experiments the rate of water flow has 
not been determined, but the author has calculated from those of Brouwer’s 
experiments where »low» and »high» water uptake is reported probable values 
for the individual zones and employed these in the graphic representation 
(figure 2). Brouwer’s different series agree rather well in regard to the water 
flow and even if there should exist appreciable deviations from the normal in 
individual points in the experiments accounted for here, they would have 
very little effect on the general impression. The essential factor is that the 
water flow is higher during »low» than »high» water uptake. Only the nume- 
rical value of the influx coefficient should be noticeably influenced. 

These experiments with different inhibitors, DNP and KCN, and with nitro- 
gen bubbling yield concordant results (figure 2). The ion uptake is partially 
arrested. The residual, uninhibited ion uptake is directly proportional to the 
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water flow and extrapolation of the regression lines almost meets the origin. 
Withouth water flow there is no ion uptake when an inhibitor has been added. 
The nitrogen bubbling has not repressed the ion uptake fully so effectively, 
but a certain accumulation to the cells of the root persists even during low 
water flow. These series (figure 2) complement extremely well the foregoing 
in that they show the variation within one and the same root zone, while the 
preceding ones (figure 1) treat the ion passage to different zones. The passive 
ion transport with mass flow is thus independent of the varied metabolic 
activity of the zones and only conditioned by the rate of water flow. 

The fact that the ion uptake component which is unaffected by DNP, KCN, 
and oxygen deficiency is directly proportional to the rate of water flow con- 
stitutes conclusive evidence that chloride ions are passively drawn with the 
transpiration stream from the medium through the root to the shoot, indepen- 
dently of the metabolism of the root. It does not support the theory that the 
ions are transported through an endodermal barrier and actively secreted to 
the xylem, unless we are willing to assume that the ion transport here is 
mediated by a metabolism which is not repressed by the inhibitors employed 
or by anaerobic medium. 

Remarkable evidence that the passive ion components are independent of 
the varied activity of the zones is also found in other series (Brouwer 1954, 
figure 6). Here is encountered the interesting circumstance that the regression 
lines for the controls without sucrose fall in zonal order (figure 3). Zone I 
has with the same rate of water flow greater chloride absorption than zone II 
and the latter zone greater than the older zones III and IV (III falls somewhat 
below IV). Interpreted according to Hylmö (1953) this shows that the accu- 
mulation (including diffusion, which is, however, assumed to be low and to 
constitute a very small part of the independent ion uptake) is greatest in the 
root tip and the zone adjacent thereto. It is most remarkable that the regres- 
sion lines have largely the same slope, which implies that the water passage 
has the same effect on the ion uptake in all zones. (The regression line for 
zone I can only be drawn with difficulty as the dispersion in the water flow 
is insignificant.) The concentration of the true transpiration stream is prac- 
tically the same in all the zones. It is 1.2 mM-Cl~ in zone II, 0.8 in zone III 
and 1.2 in zone IV when the concentration of the medium was 10 mM-CI”. 

Practically the same picture is obtained in another experimental series 
(figure 4), where the regression lines of the root zones fall in the same order. 
For the zones I, II and IV the lines have the same slope. Zone III has one 
strongly divergent point, where the ion uptake with weak water flow is very 
low. The concentration of the true transpiration stream is for the zones I, II 
and IV 0.5, 0.8 and 0.8 mM-CI-, respectively. For zone HI the corresponding 
value is 2.0 mM. The medium had a concentration of 10 mM-CI”. 
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Figure 3. The water and chloride uptake of the different root zones, at low and high suc- 

tion tension with and without an osmotic counter suction of sucrose in the medium. Uptake 

per 3 cm of root length during 24 hours from a medium of 5 mM-calcium chloride: 

Experimental period 16 hours. Squares denote with sucrose (2.5 atmospheres), circles with- 
out. From Brouwer (1954, figure 6). 


Figure 4. The water and chloride uptake of the different root zones at low and high suc- 
tion tension. Uptake per 3 cm of root length during 24 hours from a medium of 5 mM-cal- 
cium chloride. From Brouwer (1954, table VIII). 


Figure 5. The relationship between the water flow and the chloride uptake arrested by 

inhibitors or oxygen deficiency at low and high suction tension. Uptake per 3 cm of root 

length during 24 hours from a medium of 5 mM-caleium chloride. Each point is the mean 

value of 4 determinations (for zone IV only 2 determinations). From Brouwer (1954, tables 

VI and VII). Inhibitors employed were 10-° M-DNP, 5-10-® M-KCN, Na bubbling and 
non-aeration of the roots. 


It should be observed that in the experiments on which the figures 3 and 4 
are based Brouwer has determined the water flow in the one zone and the ion 
uptake in the other as for figure 1. Therefore the rate of water flow here can 
with fairly great certainty be interpolated forward for the chloride zones. 
When in the figure 2 the regression for the zones exhibits a greater variation 
this can be explained by the fact that in these series the rate of water flow was 
not determined at the same time as the chloride uptake. As has already been 
mentioned the dotted water values may thereby be expected deviate somewhat 
from the actual values. 


Effect of sucrose 


Brouwer (1954, figure 6) considers his strongest evidence that the ion up- 
take which is dependent on the water flow is metabolically affected to be the 
experiments he carried out with an increased osmotic value of the medium. 
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In spite of the strongly diminished water flow as a result of the addition 
of sucrose the ion uptake remained at a high level. According to Brouwer this 
is an indication that water and ions reach the root independently of each 
other. When sucrose in spite of a very weak water flow produces a high ion 
uptake (figure 3) it must, however, be kept in mind that sucrose has not only 
an osmotic effect but also it has long been known to increase ion accumula- 
tion in the excised roots just as in tissue parts. Brouwer was unsuccessful with 
mannitol as the osmotic agent, which is known to have no effect on the meta- 
bolism, and was forced to turn to sucrose. In the author’s opinion this move 
was disastrous, because sucrose through its energy addition may be assumed 
to have enhanced metabolism in the roots and thereby the root cells’ own ac- 
cumulation of ion. Brouwer states that the mannitol solution only slightly 
reduced the water passage. In hitherto unpublished experiments the author 
has demonstrated in pea plants that mannitol strongly reduces the transpira- 
tion and that the ion uptake remains the same as with a corresponding water 
flow when the transpiration is decreased by keeping the plants in moist air 
or in darkness. 

The best evidence that the effect of sucrose in this case is not only osmotic 
but also metabolic is furnished by Brouwer himself (1954, figure 7). Here 
the ion uptake in zone III is increased two-fold on the addition of sucrose in 
comparison to that with low water passage without sucrose. Repetition of this 
experiment gave the same results. A reduction of the water flow through ele- 
vation of the counter pressure of the medium according to Brouwer’s reason- 
ing should leave the salt uptake undisturbed and under no circumstances as 
here increase the ion uptake. The increased ion uptake is quite certainly pro- 
duced by the energy addition which in the form of sucrose is supplied to the 
general metabolism of the root. 


Active components in the ion uptake of the plant 


In Brouwer’s series with broad-beans the magnitude of the active compo- 
nents in the ion uptake of the plant is also enlarged with increased water 
flow. An example of this is given in figure 5, where the author has calculated 
the mean values from a series of experiments which Brouwer performed with 
different inhibitory agents. The active components have been regarded as 
constituting the difference between the ion passage into the root without and 
with an inhibitor. The ion uptake sensitive to inhibitory agents is greatest in 
the root tip and decreases basally. The water flow affects the ion uptake in 
zone I less than in the other zones. This indicates that there is a greater accu- 
mulation of ions in the growing cells of the root tip. In the basal zones the 
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Figure 6. The relationship between the salt respiration 
| and the active chloride uptake of the root zones. The 
@ salt respiration is calculated as the difference between 

the respiration in 10 mM-KNO3 and in distilled water 
and expressed as the consumed volume of oxygen in 
mm? per hour and zone. From Brouwer (1954, 
figure 10). The active chloride uptake is represented by 
(a) the part of the ion uptake repressible by inhibitors in 
gia À plants without water passage. The uptake is expressed 


| in ug chloride per root zone during 24 hours (cf. 
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active ion uptake probably partly represents the bleeding stream towards the 
shoot. Without a simultaneous analysis of the storage of ions in the root and 
in the shoot the site of accumulation cannot be determined. Analysis of loss 
of ions from the medium as is the case here cannot, of course, give a picture 
of the fate of the ions in the plant and does not permit a true evaluation of 
whether the demonstrated active uptake in the basal zones is a bleeding stream 
or an accumulation in the root cells due to the accessibility of the ions through 
mass flow to the more internally located cell layers of the root. 

Brouwer (1954, p. 283) believed that he had found evidence that the en- 
hanced ion uptake with increased water flow is an active process, when he 
inhibited in plants with high water flow a salt uptake which was greater than 
the total absorption in plants with low water flow. In peas the root’s own 
accumulation of chloride ions rises markedly with increased water passage 
(Hylmö 1953, figure 6). We may assume that the same condition exists in the 
broad-bean root and that the demonstrated elevation of active ion uptake 
with increased water passage (figure 5) is composed partly of accumulation 
in the root. The root has thus two active components of ion uptake, one which 
is independent and one which is dependent on the water passage. For other 
kinds of ions such as phosphate in broad-beans (Brouwer 1954) and calcium 
in peas (Hylmö 1953) it has been shown that the root’s own uptake of ions is 
fairly independent of the rate of water flow. It should be observed that the 
roots were supplied with phosphate and calcium in the nursery prior to the 
experiment but not with chloride. 

It is noteworthy that the salt respiration proved by Brouwer (1954, 
figure 10) is independent of the rate of water flow, while the chloride uptake 
sensitive to inhibitors (figure 5) is strongly dependent on the water flow. The 
salt respiration is considered by Brouwer to constitute the difference between 
the total respiration in 0.01 M-KNO, solution and in distilled water. The salt 
respiration corresponds in zonal order I to IV to an oxygen consumption of 
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1.6, 0.6, 0.4 and 0.1 mm? per hour and zone. Strangely enough the relations 
are the same between the active ion uptake of the zones, calculated as the 
regression lines’ intersections of the y-axis, when the water passage is thus 
non-existent. This ion uptake (figure 5) is in zonal order 16.5, 6.5, 2.0 and 
1.5 ug CI per 24 hours. It is conceivable that the salt respiration demonstrated 
in Brouwer’s experiment concerns only the root’s own accumulation of ions 
in the outer cell layers and not the more central tissues or the bleeding accu- 
mulation. The relationship between the salt respiration and the active ion up- 
take at zero water passage implies that 15 mols 1/4 O, are required for the 
transport of 1 mol Cl~ (figure 6). Future investigations must decide whether 
this demonstrated parallelism between salt respiration and ion accumulation 
is real or only caused by chance. 


Influx coefficient 


The concentration of the true transpiration stream from the medium to the 
root in relation to the concentration of the medium, the influx coefficient i, 
in the experiments described here is much lower than in the author’s observa- 
tions in peas, which independent of the concentration of the medium in regard 
to calcium as well as chloride ions had a value of c. 0.55 (Hylmö 1953). In the 
broad-bean the influx coefficients for chloride in the recalculated experiments 
without any inhibitor have the following values: 


Figure no. Zone I Zone II Zone III Zone IV 
2 ENG ee RE 0.14 0.21 0.16 0.14 
BES RRO en shag! aie) aie de gis 0.09 0.14 0.24 — 
DORE en Mol lon tele ore ul 0.10 0.18 0.23 == 
fern erst dus usd o bien — 0.12 0.08 0.12 
Re ee enter e eee de 0.05 0.08 0.20 0.09 


In view of the fact that each value in the foregoing table is calculated from 
only two points the dispersion is surprisingly small. For a true determination 
of the magnitude of the influx coefficient, however, a large material is re- 
quired. There does not appear to be hardly any certain variation between the 
different zones. The medium thus runs in in a diluted state also in the broad- 
bean. The dilution is so great that the true transpiration stream has only 5 
to 24 per cent of the chloride concentration of the medium. From an earlier 
investigation (Brouwer 1953 d) the influx coefficient in Vicia faba can be 
calculated to a somewhat higher value or 0.38 and 0.50 for chlorides. These 
values, which are valid for a larger part of the root than the zones in the 
foregoing table, are in better numerical agreement with the author’s influx 


coefficients for peas. 
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Pressure drop through friction and filter effect 


Brouwer has unfortunately based the interpretation of his results on Bre- 
wig’s (1937) assumption that the resistance of the root to water flow is altered 
with the suction tension from the shoot. Both Brewig (1937) and Brouwer 
(1953 a, b, c; 1954) found that with low water passage the water entered 
mainly through the apical zones; when the water flow was increased the 
basal zones took care of the increase in water flow so that these basal zones 
during strong transpiration are responsible for the principal water main- 
tenance of the plant (figure 7). Rosene (1941) had earlier verified*Brewig’s 
experiment but she opposed the use of the idea of resistance. Rosene’s »objec- 
tion to such a conclusion is that no data are available in the literature which 
identify the components of the »resistance» as in the case in the ohmic 
resistance of an electric current». Brewig’s conclusion that the resistance of 
the root is altered with the intensity of the transpiration has previously been 
criticized also by Kramer (1949, p. 114) and Hylmö (1953, p. 398). Brouwer 
(1954, p. 308), nevertheless, builds further on Brewig’s theory and concludes 
that even »the anion uptake at high suction tension in the xylem vessels is as 
much facilitated as the water uptake, or in other words the conductivity for 
water and anions is increased to the same degree». 


The occurrence of a greater resistance to flow with a greater velocity of the 
current of water in the plant has been discussed by Dixon (1914). In the 
author’s opinion it is not in accordance with the hydrodynamic facts to speak 
about any change in resistance, conductivity or permeability to water move- 
ment. 


Brouwer (1954, figure 2) does not report the direct relationship between 
water flow and suction tension but instead the relationship between the con- 
structed conductivity value and suction tension. In an earlier paper Brouwer 
(1953 a, figure 6) gives the equally constructed resistance value instead of the 
water flow. A recalculation of these data of Brouwer’s reveals an interesting 
picture of the relationship between water passage and suction tension in the 
xylem (figure 7). The total water passage in the zones I to and including IV, 
i.e., the lower 12 cm of the root, is directly proportional to the suction tension 
over a large area, indicating that the water passage ceases at c. 1 atmosphere. 
Without direct measurements also at lower suction tension it is, however, 
impossible to state whether the relationship is rectilinear also at low pres- 
sure differences. At the higher suction tension of 4.0 and 4.3 atmospheres a 
lesser drop in the water passage is discerned. 


At the lowest tested suction tension, 1.6 atmospheres, the zones I and II 


take care of the principal water supply. The water passage in zone ! is only 
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slightly increased with elevated suction tension but quite increased in the 
other zones. At the higher pressures the water flow is of the same rate in the 
zones II, III and IV. The flow-pressure curves for these last mentioned zones 
show a remarkable agreement with the diagrams Erbe (1933) and Pisa (1933) 
produced in the determination of the pore-size distribution of ultrafilters, 
when water is forced through a membrane displacing air or isobutylic alcohol. 
An S-formed curve passes over into a straight line. Erbe (1933) gives the fol- 
lowing interpretation of the flow-pressure curve. At a certain constant pres- 
sure on the filter the largest pores are opened for water. When the pressure is 
increased another group of smaller pores is opened, which is evidenced by a 
corresponding rather than a proportional increase in the flow through the 
filter. The discontinuous increase in the flow proceeds until all the pores are 
opened for water. With further increased pressure the increase in the water 
flow becomes proportional to the increase in pressure in accordance with 
Hagen-Poisseuille’s law. 

In Brouwer’s experiment water does not replace air or another solution but 
water. The good agreement with Erbe (1933) and Pisa (1933) indicates that 
probably in the root water flows first through the coarser microcapillaries 
and that only after increased pressure is the water in the finer microcapillaries 
also set in motion. It should thus be possible to employ Brouwer’s micropoto- 
meter technique for the determination of pore size in the paths the stream 
passes from the medium to the xylem. In this manner (Cantor’s law) the pore 
diameter in the broad-bean root can be calculated to €. 15—40 mu. This 
should imply that with the employed suction pressure in the cellulose cell 
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walls only the coarser interfibrillar capillaries are utilized for water transport 
but not the finer interstices postulated by Frey-Wyssling (1948) between the 
micellar strands within the microfibrils. 

According to Hagen-Poisseuille’s law the rectilinear part of the curve 
should point toward the origin, which is also the case (figure 7). When the 
water flow is set in motion first after a certain suction pressure is attained, 
this may be explained by the fact that adsorption forces in the capillaries must 
be overcome before the water flow is started. 

The relatively more rapid flow into the apical zones with low suction ten- 
sion is probably due to the greater frequency of coarser pores in their cell 
walls. Apparently the microcapillaries in the cellulose walls are gradually 
closed with increasing age. The same result may, however, also be expected 
if the distance the water flow passes through the pores is shorter in the apical 
zones. Even bleeding may conceivably enhance the water passage in the api- 
cal zones. 

Zone I diverges markedly from the others in regard to the position of the 
regression line (figure 7). The explanation lies certainly in differences in the 
anatomic structure. In the apical zone of the broad-bean root the tissue is 
not yet completely differentiated and open vessels are only developed to a 
limited extent. The water flow has to pass cell walls, cytoplasm and vacuoles 
not only radially but also longitudinally, whereby pressure losses through 
friction arise with more rapid flow. In the basal zones the water only has to 
pass the cell layers radially on the way to the xylem strands. The suction ten- 
sion in zone I is thus not the same as in the other zones. The suction tension 
in zone I can be calculated to c. 1.8 atmospheres, when the suction tension 
of the shoot is 2.5 atmospheres and to c. 2.4 atmospheres when the suction 
tension is 4.3 atmospheres. 

Brewig (1937) and Brouwer (1954) place according to Brieger (1929): 


water uptake=k (Sxy:—Smea) ; 


where Sx) and Snea denote the suction tensions (D.P.D.) in the xylem and the 
medium respectively. This is in full accord with Hagen-Poiseuille’s equation 
for the flow of liquids through a tube, where | is the length of the tube, r its 
radius, p the difference of pressure at the ends, n the coefficient of viscosity, 
the volume escaping per time, 


Sa TL DRE 
Salen, 
Site nie : : re 
Since within a root zone in Brouwer’s experiments the expression is 
8 1 


constant the rate of flow becomes directly proportional of the difference of 
pressure: 


V=k p. 
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Brouwer in conformity with Brewig calls k in these equations the conductivity 
of the root. When they attained values as in figures 7 over the water influx 
of the zones with high and low suction tension, they were forced to assume 
that the conductivity of the root is altered through impulses from the shoot 
disregarding Erbe’s (1933) contention that Hagen-Poiseuille’s law is valid first 
after all pores are utilized for water transport, after a certain suction tension 
has been reached. Brewig (1936) and Brouwer (1954) further assume that the 
suction tension is the same in the different zones, and they do not take into 
consideration the rising pressure drop through friction with increased rate of 
flow in the microstructures in the cell walls and plasma of the apical zone 
where xylem strands are not fully developed. 


Summary 


A revision is made of Brouwer’s data on the zonal water and ion uptake of 
the broad-bean root. The plant’s chloride uptake is shown to be of a complex 
nature. When through the addition to the medium of 2,4-dinitrophenol or 
potassium cyanide or through nitrogen bubbling the metabolism of the root is 
disturbed, a part of the ion uptake is inhibited. The residual ion uptake is 
directly proportional to the water passage, indicating that the ions are pas- 
sively transported through the root in mass flow with the transpiration 
stream. The passive ion component is directly proportional to the water pas- 
sage both when the same root zone is observed with different suction pres- 
sures and when different zones are compared with each other under the same 
suction pressure. On the other hand, the apical zones exhibit a higher active 
component of ion uptake repressible by inhibitors than the basal zones. Even 
the active ion component is partly dependent on the water flow. 

In experiments with the addition of sucrose to the medium the water 
flow could be greatly limited through osmotic counter pressure without a 
corresponding inhibition of the ion uptake. In many series, however, the 
sucrose addition appreciably enhanced the total ion uptake of the strongly 
deficient plants. For this reason the sucrose through a supply of energy must 
be assumed to increase the metabolism of the root and the accumulation of 
ions. The addition of sucrose is not shown to affect the relation between the 
water flow and the passive components in the ion uptake. 

The value of the influx coefficient (the relation between the concentration 
of the true transpiration stream and the concentration of the medium) was 
c. 0.1—0.2 for chlorides. 

Brouwer’s conception of impulses from the shoot regulating the conduc- 
livity of the root for water and ions is rejected. The relation between suction 
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tension and water flow is shown in the root zones instead to agree with laws 
well known from among other things animal tissues for flow through filters 
and ultrafilters. The pores, through which the water flow passes in the broad- 
bean root, are calculated to have a diameter of c. 15—40 my. 

Brewig’s equation referred to by Brouwer is shown to be a derivation of 
Hagen-Poiseuille’s law. This law is demonstrated to be valid in the root as in 
other utrafilters first at higher pressures after the fluid in all pores has 
been set in motion. Due to the fact that the xylem vessels in the root tip are 
not fully developed the suction tension of the shoot during intensive trans- 
piration is strongly reduced by pressure drop through friction. 
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A. Introduction 


L'étude du métabolisme des plantes grasses a été renouvelée par trois séries 
de recherches, lune portant sur les échanges gazeux, l’autre sur l'activité 
enzymatique d'extraits végétaux, la troisième sur les acides organiques. 

L'étude de l'acidité des sucs des plantes a permis de faire la jonction entre 
les manifestations externes du métabolisme et les propriétés enzymatiques 
attribuées aux tissus. Le cycle nycthéméral des variations de l'acidité des 
feuilles des Crassulacées ne pouvait s'expliquer par la seule succession des 
phénomènes prédominants selon le moment : oxydations pendant la nuit, 
photosynthèse pendant le jour. 

Thomas (1949, 1951), a introduit dans l'interprétation de l'accumulation 
nocturne des acides organiques par les feuilles des Crassulacées, l'hypothèse 
de la fixation de anhydride carbonique par une réaction de P-carboxylation 
analogue à celle que Wood et Werkman ont mis en évidence chez les Bactéries, 
réaction dont la généralité a été reconnue dans les tissus animaux et végétaux 
(voir Wood, 1951; Ochoa, 1951. 1953; Truhaut, 1953). 

En ne considérant que les échanges de gaz et les variations de l'acidité 


1 Actuellement Directeur du Laboratoire de Photosynthese du C.N.R.S., GIF-sur-Yvette 
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des feuilles de Crassulacées, tels que Thomas les a exposés, au cours de 
l'analyse des travaux effectués sur ce sujet depuis de Saussure et d’après 
les résultats des recherches qu’il a poursuivies avec ses élèves (Thomas et 
Beevers, 1949: Thomas et Ranson, 1954), on peut dégager les conclusions 
suivantes qui s'appliquent plus spécialement aux feuilles des Bryophyllum 
et des Kalancho&. (Voir également Wolf, 1949). 

À l'obscurité, les feuilles des Crassulacées respirent et, simultanément, fixent 
CO,, qu'il s'agisse du CO, libéré par les oxydations respiratoires ou du CO, 
de l'air. Il résulte de cette fixation par ß-carboxylation, un enrichissement 
des tissus en acides organiques, notamment en acide malique. 

La fixation de CO, et l'enrichissement en acides ne dure que peu de temps, 
une douzaine d’heures environ dans les conditions ordinaires. Après cette 
période intervient une libération de CO, dont l'origine est double : oxydations 
respiratoires habituelles des glucides et décarboxylation entrainant un ap- 
pauvrissement en acides. La décarboxylation des acides peut être distinguée 
des oxydations respiratoires habituelles. Elle intervient alors que les tissus 
sont encore riches en glucides (Pucher et coll., 1947 c) et diffère de ce fait 
de l'oxydation finale des acides organiques caractéristique des feuilles caren- 
cées en glucides (Moyse, 1950). De plus, elle s'accompagne d'après Pucher 
et coll. (1947 c) et Vickery (1952 b) d’une resynthèse de l’amidon, en accord 
avec une hypothèse plus ancienne de Bennet-Clark (1933 a et b). Il s’agit alors 
d'un mécanisme de synthèse et non d’une simple dégradation. 

Thomas et coll. (1949, 1954), pour mieux mettre en évidence la fixation 
de CO, externe par les feuilles de Bryophyllum à l'obscurité, ont placé ces 
feuilles en présence d’atmospheres enrichies en CO,. Ils ont mesuré l’absorp- 
tion simultanée d’O, et de CO,, ainsi que l'accumulation d'acides, la 
B-carboxylation l’emportant alors sur la décarboxylation. 

Si, dans lair, le quotient respiratoire |Q. a wien: 4 est voisin 

vol. O, absorbé, 
ou égal à 0, par suite de la reprise du CO,, ce quotient devient négatif en 
atmosphère enrichie en CO,, l'absorption des deux gaz étant simultanée et 
celle de CO, s’ajoutant a la reprise directe du CO, qui est produit par les 
oxydations. Par contre, ce quotient est voisin de 1 quand la carboxylation 
a atteint sa limite et qu'elle s’equilibre alors avec la décarboxylation, ce qui 
se traduit par la stabilisation de la teneur des feuilles en acides. Thomas et 
coll. ont généralisé cette observation, étudiant différentes plantes grasses 
(Crassulacées, Opuntia, Kleinia) et vérifé l'influence de la température dont 
l’abaissement favorise la fixation de CO, et l'accumulation parallele d’acides. 
Apres Wolf, Bonner et coll. (1948), Thomas et coll. ont également étudié 
l'influence de la tension partielle de CO, sur la vitesse de l’aceumulation 
d'acides. Si aux faibles tensions de CO, (0,1 à 1 pour cent), la fixation de CO, 
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_ croit linéairement en fonction de sa concentration, la tension de 5 pour cent 
dans l’air parait très favorable, les tensions élevées, moins favorables, peuvent 
provoquer des phénomènes fermentaires. Ces phénomènes fermentaires sont 
caractérisés par l'accumulation d'acides succinique, y-amino-butyrique et 
parfois d’alcool. (Ranson, 1953). 

Thomas et coll. ont également étudié les échanges de gaz et les variations 
d'acidité des feuilles de Crassulacées à la lumière, dans l’air enrichi ou non 
en CO,, questions sur lesquelles je reviendrai ultérieurement. 

Ne considérant toujours que les variations des équilibres carboxylation- 
décarboxylation et leurs relations avec les oxydations cellulaires, à l'obscurité, 
il faut tenir compte des analyses biochimiques qui ont précisé quels étaient 
les acides dont les quantités étaient soumises à variations importantes chez 
le Bryophyllum. 

Pucher et coll. (1947 b, 1948, 1949), Vickery (1952 a) ont confirmé que 
l'acide malique présente le plus fort accroissement de quantité, à l'obscurité, 
suivi d’une manière beaucoup plus faible par l’acide citrique, alors que les 
quantités d'acide isocitrique restent pratiquement inchangées, L’accumulation 
d'acide citrique diffère nettement de celle de l'acide malique. Elle continue 
lorsque se prolonge le maintien des feuilles à l'obscurité, alors que celle de 
Vacide malique décroit. 

Thurlow et coll. (1948), Varner et coll. (1950), Stutz et coll. (1951) et 
Ranson (in Thomas et coll. 1954), utilisant anhydride carbonique radioactif 
HCO,, ont précisé son accumulation dans l’acide malique et, à un moindre 
degré, dans l’acide citrique, ainsi que dans d’autres substances (acides aspar- 
tique, glutamique, protéines, glucides etc. . ..). 

Si, du point de vue enzymatique, les modalités propres de la ß-carboxylation 
effectuée par les feuilles de Bryophyllum ne sont pas encore bien précisées, 
il y a tout lieu de penser qu'elles sont très voisines de celles dont l'existence 
a été reconnue dans divers organes végétaux : feuilles, racines, tubercules, 
germinations, algues (Clendenning et coll., 1952). 

Il s’agit soit de l’activité de l’enzyme malique (Conn et coll., 1949) soit d'une 
carboxylase oxalacétique dont l’action réductrice peut être complétée par 
celle d’un enzyme comme le triphosphopyridine-nucléotide réduit (TPN H) 
(Vennesland et coll., 1949, Vennesland, 1949), soit d'une carboxylase cataly- 
sant la fixation de CO, sur un phosphoryl-énolpyruvate (Bandurski et coll., 

1953). Un enzyme tel que la deshydrogénase isocitrique, qui peut catalyser 

la fixation de CO, par l'acide a-cétoglutarique (Ceithalm et coll., 1949, Ven- 
nesland et coll., 1952) peut intervenir indirectement dans l'accumulation de 
Vacide citrique. 

Les liens entre les oxydations cellulaires et la fixation de CO, par ß-carbo- 
xylation peuvent être schématisés de la manière suivante, la B-carboxylation 
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intervenant en marge du déroulement du cycle de Krebs et portant principale- 
ment sur l’acide pyruvique ou un corps tricarboné voisin, avant l’entree de 
ce corps dans le cycle tricarboxylique lui-même. Une autre voie latérale de 
B-carboxylation peut être supposée aboutir à l'enrichissement des feuilles en 
acide citrique. 

L’accumulation d’acides est la résultante de 2 phénomènes continus : la 
carboxylation et la décarboxylation, et se manifeste lorsque le premier l’em- 
porte en intensité. 

Au contraire, l’amoindrissement de l’acidité est du à la prédominance de la 
décarboxylation sur la réaction inverse. 

En l'absence de CO, externe, le déroulement du cycle de Krebs, générateur 
de CO,, est nécessaire pour que l’acide pyruvique puisse être carboxylé. Il n’en 
est plus de même, théoriquement du moins, en présence de CO, externe. 

Dans les deux cas, une partie de l’acide pyruvique est soustraite du cycle 
tricarboxylique. 

L’accumulation d’acide citrique, par contre, parait être obligatoirement 
tributaire du cycle, soit que le déroulement de celui-ci se trouve ralenti après 
la genèse de l’acide cis-aconitique, (ce qui suppose l'existence d’une réserve 
suffisante d’acide oxalacétique,! soit que l’acide citrique provienne indirecte- 
ment de la carboxylation de l’acide a-cétoglutarique. Dans ce dernier cas, 
une partie de l’acide a-cétoglutarique est soustraite de la suite du cycle. 

Plusieurs chercheurs, notamment Kraus (1883)), Warburg (1886), Purje- 
vitsch (1893), Astruc (1903), Richards (1915), Wolf (1931—1932), ont déjà 
pensé que l'oxygène était indispensable à la genèse et surtout à l'accumulation 
des acides dans les tissus des plantes grasses. La composition même des 
acides, comparée à celle des glucides, et la valeur du rapport carbone-oxygène 
dans les molécules des deux groupes de substances, laissent supposer l’exis- 
tence d'une relation directe entre les oxydations et l’accmulation d'acides. 
Mais ils considéraient généralement les acides comme de simples produits de 
dégradation incomplète des glucides. La même conception se retrouve chez 
Molliard (1924) quant à la genèse d’acides organiques dans les cultures de 
Sterigmatocystis nigra. 

Enfin, Somers (1951) a montré que des inhibiteurs des oxydations tels que 
l'azoture, l'iodoacétate de Na, entravent l'accumulation d’acides par les feuilles 
de Bryophyllum Daigremontianum. Ces inhibiteurs ainsi que le cyanure de 
K, inhibent également leur dégradation, d'après Somers. 

Jai entrepris d’abord l'examen du bilan des oxydations et de la fixation de 
l’'anhydride carbonique, effectuées par les feuilles de Bryophyllum, dans diffé- 


Le terme de »réserve» ici ne postule pas l'accumulation. Il peut s'agir d’une réserve 
potentielle, d'une faculté de genèse, compte tenu de l'instabilité de l'acide oxalacétique. 
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rentes conditions d’oxygéation, en présence ou en l’absence de CO;, externe. 


Cette étude prélude à celle du mécanisme de l’utilisation du carbone de 
ces acides, dans la photosynthese. 


B. Méthodes & techniques 


1. Techniques générales et d'échanges de gaz 


Le Bryophyllum Daigremontianum Berger, Crassulacée originaire de Mada- 
gascar, a été cultivé en serres. Tous les pieds sont issus du même individu et 
forment donc un clone. 


Seules les feuilles n° 3 (le n° 1 étant attribué aux feuilles incomplétement 
développées, visibles au sommet de la plante) ont été systématiquement 
utilisées. 

Les feuilles, prélevées à une heure déterminée, sont triées et réparties en 
lots de 2 (analyses des échanges de gaz) ou de 5 (dosages de l'acidité). Les 
lots sont pesés et introduits dans des enceintes en verre de 200 cm? environ 
(analyses de gaz) ou de 500 cm? (dosages de l’acidité). Chaque enceinte est 
munie d’un bouchon rodé portant un robinet. Un fragment de papier buvard 
imbibé d’eau entretient la saturation de l'atmosphère en vapeur d’eau à 
l’intérieur de chaque enceinte. 

L'atmosphère des enceintes est remplacée par un mélange de CO;, O, et No, 
en proportions connues. Les enceintes sont ensuite placées à l'obscurité, à 
température constante, pendant une période déterminée. Pour les lots destinés 
aux analyses de gaz, les gaz sont alors extraits, analysés et les feuilles dessé- 
chées à T=100° C jusqu'à poids constant. Les lots destinés à l’analyse de 
l'acidité sont desséchés rapidement à température inférieure à 80 C dans 
un courant d'air. Tous les résultats sont exprimés en cm? de gaz absorbés 
ou émis par g. de substance sèche ou en milli-équivalents d’acidité par g. de 
substance sèche. 

En raison de la briéveté des durées d'expériences, j'ai considéré que les 
variations du poids de la substance sèche pouvaient être négligées. 


Préparation des atmosphères et analyse des échanges gazeux. a) La préparation 
des atmosphères de composition connue en oxygène, azote et anhydride carbonique, 
est faite à l’aide d’un distributeur manometrique construit sur les indications de 
L. Plantefol (Fig. 1). La technique est proche de celle décrite par Umbreit et coll. 
(1951). 

Un flacon de 10 1. F, muni d'un robinet, est relié d’une part à une pompe à vide, 
d'autre part à des bouteilles de gaz comprimés. Sur le trajet se trouvent un mano- 
mètre à mercure M et divers robinets : R, (robinet pour la rentrée d'air lors de 
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Figure 1. — Distributeur manométrique. 


l'arrêt de la pompe), R, (communications pompe flacon-bouteilles de gaz), R, (com- 
munications flacon-bduteilles de gaz, ou flacon-enceintes). Entre la manomètre et la 
pompe, un piège à mercure P est utile. Les jonctions sont faites avec du caoutchouc 
à vide garni de piscéine aux extrémités. Le vide est fait dans le flacon F et dans les 
tubes qui se rendent aux bouteilles, jusqu'aux manodétendeurs. L'un des gaz, celui 
dont la quantité recherchée est la plus grande, est détendu dans le flacon, jusqu'à 
la pression atmosphérique. Le vide est à nouveau fait. Après ce rinçage, le même gaz 
est introduit sous une pression partielle convenable, correspondant à la composition 
désirée. Puis le flacon F étant fermé, le vide est fait à nouveau dans les tubes, et 
l'espace nuisible qu'ils présentent est rincé avec le deuxième gaz. Le deuxième gaz 
est ensuite détendu dans les tubes jusqu'à ce qu'il atteigne une pression supérieure 
à la pression du gaz déjà introduit dans le flacon F. Le robinet r, est alors ouvert 
et la détente du 2ème gaz poursuivie jusqu'à la pression requise. Les mêmes opéra- 
tions sont faites pour le troisième gaz. 

Des abaques permettent aisément la préparation rapide des atmosphères désirées, 
compie tenu de la pression atmosphérique du moment. Une prise de gaz obtenue par 
détente de l'atmosphère du flacon F, dans une ampoule à 2 robinets semblable à 
l'ampoule A, permet le contrôle de la composition de l'atmosphère préparée. 

b) Les feuilles sont introduites dans les enceintes telles que E, munies d’un robinet 
r, qui surmonte leur bouchon rodé. Après bouchage, les enceintes sont raccordées 
aux robinets tels que r’. Une ampoule annexe A, reliée à une ampoule B remplie de 


| 
| 
| 
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Figure 2. — Mélangeur de gaz. 


mercure ou d'eau acidulée est placée dans le circuit. Les robinets r, et r, étant 
ouverts, le vide est fait dans E, A et les tubulures annexes. Puis R, isolant la pompe 
à vide, r, est ouvert et l'atmosphère de F se détend dans les enceintes et dans 
lampoule A. Le robinet r, est fermé et le vide fait à nouveau. Après ce rinçage, une 
nouvelle détente de l'atmosphère de F permet de remplir de gaz les enceintes, mais 
à une pression inférieure à la pression atmosphérique. Le robinet R, étant fermé, ainsi 
que r,, le gaz de l’ampoule A est refoulé dans les enceintes à l’aide du liquide de B. 
L’ampoule A sert ainsi de réserve accessoire pour remplir les enceintes jusqu'à ce 
que la pression atmosphérique soit atteinte. 
De nombreuses variantes de manipulation sont possibles. Parmi celles-ci le rem- 
plissage direct des enceintes telles que E par détente des gaz des bouteilles. Si cette 
dernière manière d'opérer peut convenir pour les préparations des atmosphères ne 
renfermant que de l'oxygène et de l'azote, elle ne convient pas pour l'introduction 
du CO, dont la détente directe, très endothermique, ne permet pas de réaliser une 
composition homogène des atmosphères des différentes enceintes. 
c) Les enceintes sont placées dans une chambre ou une étuve, à température cons- 
tante, et après la durée choisie, les gaz sont extraits, recueillis dans des ampoules 
jaugées munies de 2 robinets du type de l'ampoule A et la pression des gaz y est 
déterminée (voir Plantefol et Moyse, 1948) — Le volume des gaz est ensuite calculé 
à 0° C et 760 mm Hg, pour comparaison. 

d) L'analyse des gaz est faite à l’aide des techniques de Plantefol (1932), le CO, 
étant absorbé par la potasse, l'O, par le phosphore blanc. 

Lors de l'emploi d’atmospheres renfermant plus de 40 °/o d’O, et, en raison des 
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risques d’inflammation du phosphore, les atmospheres sont d’abord dilutees avec de 
l'azote purifié, à l’aide du mélangeur décrit ci-dessous (Fig. 2). 

Le mélangeur comprend 2 tubes calibrés, gradués, A et B, réunis par un robinet 
1 à voie coudée à 120°. Un autre robinet semblable, 2, permet de mettre en communi- 
cation les tubes gradués tour à tour avec une pompe à vide et avec une ampoule à 
2 robinets C, elle-même reliée à une ampoule de manoeuvre remplie de mercure E. 
Les 2 tubes gradués sont reliés par leur base à des robinets 3 et 4 qui permettent de 
les mettre en communication avec une ampoule de manoeuvre D remplie de mercure. 
Les deux tubes A et B sont remplis de mercure, ce dernier affleurant au-dessus du 
robinet 1. Une ampoule C, remplie préalablement d'azote est mise en place. Le vide 
est fait dans l’espace nuisible entre les robinets r et 1. L’aspiration étant interrompue, 
le robinet r est ouvert, puis fermé. Le vide est fait à nouveau entre les robinets r et I. 
Après un deuxième rinçage, l’ampoule C et le tube A sont mis en communication, 
l'azote est à la fois aspiré et poussé dans le tube A, à l’aide des ampoules de manoeu- 
vre. Son volume est ajusté en À au volume choisi à une pression légèrement supé- 
rieure à la pression atmosphérique. L’ampoule C est remplacée par une ampoule 
similaire contenant le gaz riche en oxygène à analyser et les mêmes opérations sont 
faites afin d'introduire ce gaz dans le tube B. Après 5 minutes, les gaz renfermés dans 
les tubes A et B sont détendus à la pression atmosphérique par la manoeuvre des 
robinets 1 et 2, l'ampoule C ayant été enlevée. 

Une ampoule du même type étant fixée et remplie de mercure, le vide est fait dans 
l'espace nuisible entre les robinets r et 1 et les gaz renfermés dans les tubes A et B 
sont tour à tour chassés dans cette ampoule dont le gaz peut être analysé sans risque. 

Les causes d'erreur peuvent être réduites par une correction de jauge (volume du 
trou de la clé du robinet 1) et par une lecture des graduations au viseur (voir Plante- 
fol, 1933). 

Le dosage du CO,, avant dilution et après dilution, permet de contrôler celle-ci. 


Essais préliminaires. — 


Plantefol (1938) a signalé que les tissus végétaux pouvaient être très sensibles à 
l'extraction de leur atmosphère interne par le vide. Audus (1939, 1941) a fait une 
étude systématique des modifications des échanges gazeux foliaires par les simples 
manipulations, coupures, frottements et torsions. 

Une vérification de l'influence de la technique d'extraction des gaz internes, par le 
vide, a été faite sur les feuilles de Bryophyllum (Tab. 1) Elle montre qu'un séjour 
de 5 minutes dans le vide n’est pas sans effet sur les échanges gazeux. L'intensité 
respiratoire est augmentée de 25 pour cent si l'on considére l'absorption d’O,. Une 
émission de CO, se manifeste, alors qu'elle est à peine perceptible avec les feuilles 
témoins, non traitées. 

Le passage au vide détermine donc une accélération des oxydations, accélération 
d'ailleurs temporaire, et même une brève inversion des échanges de CO,. 

Il est vraisemblable que cette action résulte d’un trouble des échanges entre proto- 
plasme et vacuoles, accompagné d'une oxydation partielle des acides organiques 
vacuolaires, comparable à celle que l’on peut observer lors de l’&tiolement des feuilles 
(Moyse, 1950). 

Ce trouble n'est pas irréversible. L’absorption de CO, se rétablit rapidement et les 
feuilles conservent par ailleurs la faculté de développer des racines et des gemmes 
lorsqu elles sont abandonnées sur du coton humide. | 
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Tableau 1. Echanges gazeux des feuilles de Bryophyllum Daigremontianum Berger, à Vobs- 
curité, après un séjour dans le vide poussé jusqu'à la pression correspondant à la tension 
de vapeur d’eau, pendant 5 minutes. — Durée de l'expérience: 1 heure. T=17° C. 
TER EN RR BEE WDR TEE 
| Feuilles soumises au vide prealable Feuilles témoins 


1.21 8] 4 Jos] Moyenne) 14/2.) 8.) 4.15. ]Möyenne 
O, absorbé cm} par h. et | | 

g. de substance sèche | 0,29! 0,36| 0,67| 0,40 0,57 0,46  10,33/0,34/0,22/0,33 

| CO, émis cm? par h. et | 

g. de substance séche| 0,12) 0,12] 0,36| 0,31 0,33. 0,25  |0 


0,38| 0,32 


0 |0,05/0 lo 0,01 


2. Dosages d’acidite 


Le pH des jus de presse des feuilles est de 5 à 5,4. Le dosage de l'acidité libre a 
été fait de la manière suivante. 

Les feuilles sont desséchées par l’action de la chaleur modérée (80° C, puis 70° C) 
dans un courant d'air pendant quelques heures, puis en dessiccateur. 

Après broyage, les acides sont extraits à 3 reprises successives par l’eau à 80° C. 
Les liquides sont réunis et l'acidité dosée par NaOH 0,1 N en présence de phénol- 
phtaléine. 

Des essais préalables ont été faits afin de comparer cette technique à celle utilisée 
par Thomas et coll. (extraction directe, par l’eau à 100° C., à partir de tissus frais) 
et à l'extraction hydroalcoolique après fixation des tissus par l'alcool bouillant, distil- 
lation de l'alcool sous pression réduite à 40° C. et reprise par l’eau. (Tab. 2.) 

Les différences sont faibles. Des pertes peuvent être attribuées en majeure partie au 
départ de l'acide oxalique (Somers, 1951). 


Tableau 2. Acidité des feuilles en milli-équivalents par g. de tissu sec 
(Moyenne de 3 essais). 


a) | b) | c) 
sur tissus frais, par | sur tissus secs, par | sur tissus fixés à l’alcool et 
l’eau à 100° C | l'eau à 80° C | extraits par l'alcool à 60° 
Lo | 1,44 I 


3. Dosages des glucides 


A titre de contrôle des analyses de glucides ont été faites sur des feuilles témoins, 
afin de déterminer les variations glucidiques pendant la durée des expériences. 

Les feuilles sont fixées dans l'alcool à 95°, à l’Ebullition’et, après broyage des tis- 
sus, l'extraction des glucides solubles est poursuivie par l'alcool à 60 . 

L'alcool est éliminé par distillation sous pression réduite. Les glucides solubles 
sont repris par l’eau. Une fraction de la liqueur est réservée pour essai d'hydrolyse 
enzymatique avant défécation. L'autre fraction est déféquée immédiatement par la 
quantité minimum d'acétate basique de Pb. L'excès de sel de Pb est éliminé par addi- 
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tion de PO,Na,H. Après filtration, cette fraction est utilisee pour le dosage des glu- 


cides reducteurs libres seulement. \ 
Les determinations suivantes sont faites sur des pärties aliquotes des solutions, par 


la methode de Bertrand: 


a) réducteurs libres, 

b) réducteurs après hydrolyse à l’invertase, 

c) réducteurs restant, après hydrolyse à linvertase et action de SO,H, 0,35 N, à 
l’ebullition, pendant 1/2 heure, 
L'action de l'acide détruit dans ces conditions la majeure partie du sédoheptose. 
(Wolf, 1937; Pucher et coll., 1947 a) | 

d) réducteurs obtenus après reprise aqueuse du résidu d'extraction et action de HCl 
à 4 pour cent, à l’ébullition, pendant 3 h. Le résultat obtenu est proportionnel à 
la teneur des tissus en amidon. 
La différence des résultats b)—a) peut être rapportée au saccharose et la diffé- 
rence b)—c) est proportionelle aux teneurs des tissus en sédoheptose. 


C. Expériences et résultats 


I — L’absorption d’O, et l'acidité des feuilles à l'obscurité, en fonction de la 
tension partielle d’O, dans l'atmosphère 


Cette première série d'expériences, faite en 1951, comprend l'analyse des 
échanges gazeux de feuilles n°3 et n°2 prélevées le soir à un moment où, 
appauvries en acides organiques, elles entrent dans ure période de carboxyla- 
tion predominante. Elles sont mises à l'obscurité en présence des atmosphères 
d’azote et d'oxygène de compositions suivantes: — Azote purifié (O,<0,1 °o,) 
mélanges d'oxygène et d'azote, O, présentant en volume les proportions : 1, 
2, 5, 10, 21 (correspondant sensiblement à l'air ordinaire), 40, 60, 80 pour 
cent, et oxygène purifié. 

Ces expériences ont été faites pendant des durées longues (14 à 16 h.), 
à température constante (17° C). 

Le tableau 3 présente les résultats, moyennes de 2 analyses de gaz faites 
dans chaque cas sur 2 lots semblablement traités. 

Les dosages d’acidité libre n'ont été faits qu'avec les feuilles n°3. 

Les résultats transcrits sont les moyennes de 2 dosages. 

Les gains d’acidité théoriques, calculés d’après les réactions (1) (2) et (3), 
résumées sous la forme de la réaction (4) ci-après, sont indiqués dans la 
colonne d. Il est admis alors que tout les produits d’oxydation des glucides 
sont engagés dans la B-carboxylation, l'absorption d'une molécule-gramme 
d’O, permettant la formation de 2 équivalents d’acidité. 

Les réactions caractéristiques des oxydations respiratoires et de la B-carbo- 
xylation peuvent être schématisées ainsi: 
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Tableau 3. 


nn 


Exp. I. 8 Oct. 1951 
Feuilles n° 3, de 10cm + 0,5em de long 


(prélevées entre 18 et 19 h.) 
Obscurité, durée: 14 h. 30 + 0 h. 30 | Obscurité, durée: 15 h. 45 +0 h. 30 


T=17° C, (C9, )initiale — 0 T =17° CG, (CO,)initiale — 0 
em? d'O, absorbé) par g. de substance 
em? de CO, émis) sèche et par h. 

gains d’acidité libre en m. éq. par g. de substance sèche, et par h. 


Exp. Il. 22 Oct. 1951 


Feuilles n° 2, de 8em + 0,5em de long 
(prélevées entre 18 et 19 h.) 


a + | b c | d a’ b’ 

mospheres RR acidité 

linie cm? O,} cm? CO, | gains | en i be i ; Her | 
NE DORA d’acidité calculés en fone-| cm? O, absorbé cm? CO, émis | 

| tion de O, fixe 

N (0,<0,1 %)|<0,01 o | 0,026 | est <0,01 0 

we 1%... 0,13 0 0,045 0,010 0,14 0 

SE a 0,18 0 0,048 | 0,015 0,21 0 

EN 0,25 0 0,045 | 0,021 0,24 traces 

Ze 10 %...... 0,28| traces 0,046 | 0,024 0,20 0,03 

me— 21 %...... 0,48 0 0,049 0,041 0,33 0,01 

Dy— 40 %...... 0,67 | traces 0,045 0,057 0,59 0,02 | 

= 60 % 0,72| 0 0,041 0,061 0,57 0,02 | 

= 80 %...... = = — — 0,57 traces 

Br 100 %...... 0,88 0,05 0,040 0,075 0,55 0,05 


Acidite initiale 
des temoins 


| 0,55 à 0,60 m. éq. par g. de substance séche | 


| | 


Teneur en eau 


_ Souvent, la teneur en eau parait plus élevée pour les feuilles mises en présence des 
| atmosphères fortement oxygenees. Mais le calcul de la différence des moyennes et de la | 


1440 + 80 pour 100 de substance sèche ‘ |1330 + 70 pour 100 de substance sèche 


déviation standard ne permet pas de considérer ces variations comme significatives. | 


Tableau 4. Contrôle des teneurs en glucides. — Ces contrôles sont faits avec des feuilles 
n°3 prélevées au début de l'expérience. Une fraction est immédiatement fixée à l'alcool. 
L'autre est laissée à l'obscurité, à l'air libre, sur du coton humide. Elle est fixée 15 h. 
après, à la fin de l'expérience, Expérience J. 8 Oct. 1951 — Feuilles n°3 prélevées entre 


18 et 19 h. Obscurité, durée 15 h. T.=19°C. Glucides exprimés en mg. de glucose par 


o 
5 


de substance seche. 


—————— enr 
| 


a) | b) c) | b)—a) b)—c) d) 
| | Ré ET: | Glucides | 
: Réd. aprés | Réd. aprés Fe | 
en, hydrolyse à | action de iSaccharose aie | Amidon; tOlaux |) 
| | Ss linvertase SO,H, 0,35 N| | | 
Début de | | 
PExD. 2,9 6,8 4,0 | 3,9 | 2,8 == == 
| Fin de | | | ? 
l'Exp. 5, 10,7 Be 0e 48 Ce UN EL 


| 
| 


En fin d'expérience, l’amidon est encore abondant, les feuilles ne sont donc pas carencées 
en glucides. On observe un accroissement des glucides solubles, qui peut être rapporte 


aux glucides réducteurs libres différents du sédoheptose. | 
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(1) 2 C He 03120, > 4 CH,__CO-—-COOH FAO 
(oxydation partielle ea" 


du glucose) ; ee a 
/ S 
(2) CH,—CO—COOH+3/2 O, (3) 3 CH,—CO—COOH+3 CO, +3 H,0 
> 3 CO, +H,0 oxydation = 3 HOOC—CH,—_CHOH— COOH +43 
— 3 CO, +H,0 (Oz) 
oxydation totale d’une B-carboxylation et reduction d’une frac- 
fraction de l'acide pyr- tion de l’acide pyruvique formé au cours 
uvique formé au cours de de la réaction (1), le CO, provenant de 
la réaction (1) (Cycle de le réaction (2). L’acide malique s’accu- 
Krebs) mule.! 


Ces 3 réactions sont groupées dans la suivante : 
(4) 2 Ce Hy. O,+3 0,3 HOOC—CH,—CHOH—COOH +3 H,O 
Seul le CO, provenant des oxydations respiratoires intervient dans la 
B-carboxylation. Trois O, seulement sont nécessaires pour l’accomplisse- 
ment de la réaction totale, alors que l'oxydation complète de 2 mol. de 
glucose exige 12 mol. d’O,. La fixation de 3 O, entraîne un gain d’acidite 
de 6 équivalents. 


Discussion. — Les observations suivantes peuvent être faites : 


1. — La fixation d’O,, caractéristique des oxydations respiratoires, aug- 
mente avec la tension partielle d’O, selon une courbe qui est une hyperbole 
(Moyse, 1951). Elle a même allure que celle constatée dans d’autres cas, en 
particulier avec les germinations de Blé, d’Orge, de Riz (Taylor, 1942; Vlamis 
et coll., 1943), les racines d’Oignon (Berry et coll., 1949). Le maximum n'est 
atteint qu'aux tensions supérieures à la pression partielle de l'O, dans l'air 
ordinaire. Ce fait tend à montrer incidemment que, quelle que soit la tension 
partielle d’O,, sa vitesse de diffusion dans les tissus, qui est liée à sa tension 
dans l'atmosphère, limite bien la vitesse des oxydations (Berry et coll., 1949). 

2. — Le dégagement de CO, est nul aux basses tensions d’O, (carboxyla- 
tion dominante). Il n'apparait systématiquement qu'en présences des fortes 
tensions d’O,. A ces fortes tensions, la carboxylation est insuffisante pour 
retenir tout le CO, produit par les oxydations respiratoires pendant la durée 
de l’expérience. 

3. — Le quotient respiratoire apparent, Q. fe N est nul 

vol. CO, absorbé’ 


Les variations quantitatives des acides organiques : malique, citrique, isocitrique, 


succinique, seront décrites ultérieurement. Il a été vérifié que la teneur en acide malique 
était la principale variable. Il n’y a pas libération d’Os, la formule n’exprime qu'un bilan. 
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pour les basses tensions. Aux fortes pressions partielles d’O,, ses valeurs sont 
encore trés faibles (0,05 a 0,1). 

4. — Les variations de l’acidit& des feuilles montrent qu’aux basses tensions 
d’O, le gain d’abord faible, dans l’atmosphere d’azote, croît avec la tension 
d’O,, atteint son maximum pour des tensions comprises entre 5 et 21 pour 
cent et décroît ensuite légèrement. 


En anaérobiose, l'augmentation de l'acidité, si elle est attribuable à une 
élévation de la teneur des tissus en acide malique, peut être liée à une réaction 
fermentaire. Cette réaction fermentaire devrait fournir à la fois l’acide pyru- 
vique et le CO, nécessaires à la genèse de l’acide malique par le mécanisme de 
B-carboxylation. 

Si la carboxylation n'intervenait pas, on constaterait une émission de CO, 
ce qui n'est pas le cas. 

Le faible gain d’acidité, dans l’azote, montre que cette réaction est limitée. 
Son inhibition partielle serait vraisemblablement liée à l’intoxication des cellules 
par les produits de fermentation comparables à ceux dont la formation a été 
observée en présence de très fortes tensions de CO, (Thomas et coll., 1954). 
La mort rapide des feuilles, vers la vingtième heure de séjour dans l'azote, 
tendrait à confirmer cette interprétation. 

En présence des faibles tensions d’O, (de 1 à 10 pour cent), les oxydations, 
y compris celles de décarboxylation, se déroulent à une vitesse suffisamment 
faible pour que tout le CO, émis (réaction 2 ou réaction 3 dans le sens de la 
décarboxylation) puisse être repris, ou conservé, sous forme carboxylée. 

Si l’on compare les gains d’acidité réels, mesurés, et les gains possibles, 
calculés d’après la fixation d’O,, (colonne d), on constate que les premiers 
sont plus élevés que ne le laisseraient prévoir les seconds. Ce fait peut s’expli- 
quer par l'intervention des oxydo-réductions fermentaires, accompagnées 
d’une genèse d'acides sans absorption correspondante d’O,. 

A la tension d’O, de 20 pour cent, les gains réels d’acidité et les gains cal- 
culés sont très voisins, le maximum de gain d’acidité est réalisé dans les 
conditions de la durée expérimentale. 

Avec les fortes tensions d’O,, le renversement de la réaction de carboxyla- 
tion se manifeste, du CO, est émis. La carboxylation n’assure plus sa fixation, 
l'acidité diminue et ses gains sont nettement plus faibles que ceux qui peuvent 
être calculés d’après l'absorption d’O,. Ces faits confirment les variations 
observées par Pucher et coll. (1947 c) et Thomas et coll. (1949), dans l'acidité 
des feuilles maintenues à l’obscurité pendant de longues durées dans lair 
ordinaire. 

La différence que l’on constate avec les fortes tensions réside dans le rac- 
courcissement de la période de carboxylation dominante. 
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II — L’absorption de CO, externe a l'obscurité et l'acidité des feuilles, en 
fonction de la tension partielle d’O, dans l'atmosphère 


Une seconde série d'expériences, faite en 1952, permet de completer ces 
résultats et de préciser les conditions d’oxygénation nécessaires à la fixation 
du CO, externe. 

Les feuilles utilisées sont identiques aux précédentes. Les conditions d’expé- 
rience sont les mêmes, aux tensions de CO, externe et aux durées près. 

Les atmosphères utilisées renferment 7 °/o de CO, et des pressions partielles 
d’O, échelonnées : 


— azote (0,<0,2 pour cent), 1, 2, 5, 10, 20, 50 et 93 pour cent d’O,. Dans 
chaque cas, la teneur initiale exacte des atmosphéres en CO, et O, est 
contrôlée. 


Les différences entre les différentes teneurs en CO, n’excédent pas + 0,2 
du pourcentage total. 

Les durées sont de 4, 10, 14 et 20 heures, sauf pour les feuilles en anaéro- 
biose, qui présentent des signes précurseurs de la mort entre 14 et 20 h. 
(perte de turgescence, assombrissement de la pigmentation). 

Comme dans la série précédente, les feuilles sont prélevées le soir, alors 
qu'elles sont appauvries en acides. J’ai négligé les variations de poids de 
substance sèche au cours du temps, en raison de la brièveté des durées 
d'expériences. Les résultats sont exprimés de la même manière que précédem- 
ment. 

1. — La fixation de CO,. — Le tableau 5 résume les résultats des analyses 
d'échanges de gaz, après séjour des feuilles en présence de toute la gamme 
des tensions utilisées. 


Tableau 5. Exp. III. 30 Juin et 3 Juillet 1952. Feuilles n°3, de 10 em +0,5 cm de long, 
prélevées entre 18 et 19 h. Obscurité, T=19° C. (CO2) initiale=7 + 0,2 p. cent. Cm? de CO» 
et d'O2 absorbé par g. de substance sèche. 


nS 


Atmospheres CO, absorbe | O, absorbé 

| initiales 0—4 h. |0—10 h.|0—14 h.|0—20 h.| 0—4 h. [0—10 h.|0—14 h.|0—20 h. 

| | | | | 

LN (Opec ET Sey OS 0,3 | — | 02 0,3 0,3 — 
Op= 1% 11.06 |. 104 | 107 4,1 es 2,3 2,5 2,3 
O,= 7% ...| 09 11,5 | 14,4 3,8 1,5 3,2 4,1 4,1 

ei Vat) er 14,9 4,2 1,4 4,0 4,2 4,8 

| O,=10 % 15 10346 15,8 7,4 1,5 3,9 5,1 5,4 
O, == 20 % 2,5 17,2 11,8 6,8 | 1,5 4,5 5,9 71 
O, = 50 % 3,4 15,5 10,9 55 | 29 5,9 9,6 10,4 
0,=93 % | 3,2 151 | 112 4,1. |. 3,2 T4 11,0 | 132 


Teneur en eau: 1680 + 80 pour cent de substance séche. 
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Tableau 6. Expérience III — 30 Juin 1952. Contrôle des teneurs en glucides. — Ces contröles 

sont faits dans les mêmes conditions que les précédents avec des feuilles qui sont restées 

à Vobcurité, à lair libre, pendant 15 et 21 h. Glucides exprimés en mg. de glucose par g. 
de substance sèche. 


a) b) c) b)—a) | b)—c) d) 

, Red. apres | Red. après ” Glucides 

ne hydrolyse à| action de |Saccharose A Amidon| totaux 

l’invertase |SO,H, 0,35 N u 
Début de l’Exp. 4,4 13,9 11,5 9,5 2,0 38,4 52,3 
Apres 15 h. ... 6,9 16,1 13,1 9,2 3,0 20,7 36,8 
Apres 21 h. fin | | 

denlExp.. 7,6 | 18.5 16,8 10,9 1% 15,5 34,0 
Les mêmes remarques peuvent être faites que lors de l'expérience I, les feuilles ne sont 
pas carencées en glucides en fin d'expérience; la teneur en amidon a décru, la teneur 

en glucides réducteurs autres que le sédoheptose a augmenté. 


La tension partielle de CO,, dans les atmosphères, en fin d'expérience, est 
naturellement toujours plus faible qu’au début. Dans l'atmosphère d'azote, 
elle a diminué de 7,2 à 7. Après 4 h., elle est de 3,2 dans l'atmosphère à 
1 p. cent d’O,, et de 1,7 dans l’atmosphère à 20 p. cent d’O,. C’est la valeur la 
plus faible pour cette durée. Après 10 h. elle est de 3,3 pour l'atmosphère à 
1 p. cent d’O, et de 0,8 pour l'atmosphère à 20 p. cent d’O,. Cette dernière 
valeur est la plus faible de toute la série. 

Pour les atmospheres plus riches en O,, la valeur de la tension de CO, 
s’est maintenue entre 2,1 (O,=50 p. cent, 14 h.) et 5,8 (0, —50 p. cent, 4 h.). 

Les feuilles ont toujours eu un excès de CO, à leur disposition, par rapport 
au CO, libéré par les oxydations respiratoires. 

La tension partielle d’O,, dans les atmospheres, en fin d'expérience, est 
également toujours plus faible qu’au début. Dans l’atmosphère d'azote, elle 
est nulle après 10 h. Elle n’est plus que de 0,1 p. cent après 10 h., pour 
l'atmosphère à 1 p. cent d’O,, de 0,44 après 14 h. pour l'atmosphère à 2 p. 
cent d’O, et de 3,35 p. cent pour l'atmosphère à 5 °/o d’O, après 20 h. 

Il en est tenu compte dans l'interprétation des résultats. 

Pour les atmosphères plus riches en O,, les diminutions par rapport à la 
tension initiale, sont toujours plus faibles. 

Le tableau 7 présente les résultats d’une autre série (Exp. V) faite en 
utilisant seulement les tensions élevées d’O,, quelques mois après l’Exp. II. 

Le tableau 8 indique les résultats d’une expérience témoin (Exp. IV), faite 
quelques jours apres l’experience III, afin de déterminer la fixation d’O, 
par des feuilles comparables, développées à la même saison, pendant la durée 
de carboxylation intense et dominante (10 h.), en absence de CO, externe. 


31 
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Tableau 7. Exp. V — 22 Septembre 1952. Feuilles n°3, de 10 cm+0,5 cm de long, 
prélevées entre 18 et 19 h. Obscurité, T=19° C. (COg) initiale=6,8 + 0,1 p. cent. Cm? de 
CO>2 et d’O2> absorbé par g. de substance sèche. 


Atmosphères CO, absorbé | O, absorbé 

initiales |9_4 n. [0-10 h.|0—14 h.[0—20 h.| 0—4 h. |0—10 h.|0—14 h.|0—20 h 
ON 20s ae: 1,7 10,3 3 | 8,6 | 0,8 | 3,1 3,6 | 43 | 
0, = 50 % Fe 2,4 8,2 9,1 | 6,8 2,6 | 4,2 6,4 | 8,0 
O,—93,2.%...| 22 9,3 9,6 59 lags 5,1 6,8 | 94 

Teneur en eau: 1170 + 40 pour cent de substance sèche. 

La tension partielle de CO, n’est jamais descendue au-dessous de 2 pour cent. 


Tableau 8. Exp. Témoin IV — 10 Juillet 1952. Feuilles n°3, de 10 cm +0,5 cm de long, 
prélevées entre 18 et 19 h. Obscurité, T=19° C. Atmosphéres sans CO2. Durée 10 h. 
Cm? d'O2 absorbé par g. de substance sèche. 


| Atmosphères No | M = | en ARD 2267 = A 
| initiales "0: = 02 m =1 U = 2 ul = 5 be i = 10 ep: =20 %0;,=50 %|02 = 100 "o 
| 1972. SF | | | 
O, absorbé ... 0,2 2,1 3,0 4,2 | 4,61 148,0 85,x 91 


Pendant la durée de l'expérience, aucune trace de CO, n'a été trouvée, 
quelle que soit la tension d’O, utilisée. 


Discussion. — Les résultats des Exp. III et V confirment ceux obtenus par 
Thomas et coll. (1949, 1954) à propos de la prédominance de la carboxylation 
pendant une dizaine d'heures, dans lair ordinaire enrichi en CO,, avec, 
apres cette période, renversement du phénomène et émission de CO,. L’émis- 
sion de CO,, après 10 h., se traduit par une diminution apparente de la 
quantité de CO, fixée. 

De plus, on peut faire les constatations suivantes : 

1. — En anaérobiose, la fixation du CO, externe est pratiquement nulle, 
ainsi que je l'ai décrit précédemment (Moyse, 1953). 

2. — La fixation de CO, externe exige la présence d’O, et l'allure du phéno- 
mene au cours du temps est la même quelle que soit la tension d’O, dans 
l'atmosphère : dabord fixation (carboxylation dominante) suivie d'émission 
(décarboxylation dominante). 


3. — Si l'on examine chaque durée particulière, les faits suivants se mani- 
festent : 

a) Les maximums de fixation sont voisins (11 à 15 cm? de CO, par g. de 
substance sèche, quelle que soit la tension d’O, externe. La quantité la plus 
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élevée a été obtenue après 10 h. dans l'atmosphère à 20 pour cent d’O, (17 
cm, 2 de CO, fixé). 
Il existe vraisemblablement un maximum de carboxylation, lié à l’abon- 


dance des réserves glucidiques et A la cinétique de la réaction réversible de 
fixation de CO,. 


b) Plus la tension initiale d’O, est forte, plus est rapide la fixation de Co, 
(durées de 4 h.). La vitesse de la fixation croit donc avec la tension d'O;, 
comme croit la vitesse des oxydations caractérisée par la rapidité de l’absorp- 
tion d’O.. 

c) Réciproquement, plus l’optimum de fixation est rapidement atteint, plus 
est précoce l'émission de CO, qui lui fait suite. 


d) Lorsque les tensions partielles d’O, se maintiennent à des valeurs assez 
élevées (à partir de 10 pour cent au début), la vitesse de la décarboxylation 
est d'autant plus rapide que la tension d’O, est grande. 


Remarque: La durée même des expériences entraîne des modifications des condi- 
tions initiales. Aux faibles tensions partielles d’O,, l’affaiblissement rapide des quan- 
tités d'oxygène résiduel appelle une précision. Après 10 h., les feuilles mises initiale- 
ment en présence d'une atmosphère oxygénée à 1 pour cent sont soumises à l’anaéro- 
biose presque complète, condition de la série N. 

Après 14 h. les feuilles mises en présence initialement d’une atmosphère oxygénée 
à 2 pour cent, se trouvent dans des conditions intermédiaires entre celles qui étaient 
soumises à des teneurs en oxygène de 2 et de 1 pour cent. Enfin, entre 14 h. et 20 h., 
les feuilles initialement placées dans une atmosphère renfermant 5 pour cent d’O, 
n'en disposent guère plus que celles mises initialement en présence d’O, à 2 pour cent. 

Il en résulte un affaiblissement du maximum de fixation, du maximum de carboxy- 
lation, qui sont atteints plus tardivement. 


Il existe donc un lien direct entre la vitesse de la carboxylation et celle des 
oxydations respiratoires, de même qu'entre la vitesse de décarboxylation et 
celle des oxydations. 

4. — Si l’on compare les fixations d’O, en 10 h., faites par des feuilles pré- 
levées à la même époque, en présence de CO, externe (Tab. 5, Exp. I) et en 
l'absence de CO, externe (Tab. 8, Exp. Témoin IV), on constate que la pré- 
sence de CO, retarde l'absorption d’O,. Si l'on se reporte au schéma de la p. 
464, ce fait peut s’interpréter comme la conséquence d'une dérivation de l'acide 
pyruvique provenant de l'oxydation des glucides vers la carboxylation, et un 
amoindrissement de l'activité du cycle de Krebs. L’oxygene absorbé serait 
alors utilisé surtout dans l'oxydation partielle des glucides, avec genèse d'acide 
pyruvique et ce dernier, plus engagé dans la voie de la carboxylation, se 
trouverait en partie au moins soustrait à la poursuite des oxydations généra- 
trices de CO,, opérées normalement au cours du cycle tricarboxylique, avec 


participation d'O:. 
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Tableau 9. Exp. II. Gains d’acidité en m. éq. par g. de substance sèche. (COg) initiale= 
7 20,2 p. cent. 
mm, 


Atmosphères initiales 0—4 h. | 0—10 h. 0—14 h. 0—20 h. 
on nn PR EN RER El ME Se  ne 
Na NOT UT ROUES 0,62 | 0,56 0,45 
NES 4 0 Re 063 | 1,20 1,09 1,03 
ae gi ake eee ee oe 0.60 | 0,99 1,19 1112 
(3h <a ee eee 0,62 1,07 1,22 1,15 
EN Aare ah es > Rain” Se 0,66 | 132 1,20 1,19 
Cie DO PAR ee ae 0,74 1,31 1,28 1,14 
PO SD Ru aoeee 0,79 | 1,30 1,11 0,94 
N 0,82 1,47 1.13 0,90 
| | 
TEMOIN air ordinaire | : 
| (moyenne de 2 metures) 0,36 | 1 | 1,02 1,05 
2. — Les variations de l’acidité. -— Le tableau 9 indique les gains d’acidite 


observés au cours de l'expérience III, pour des feuilles semblablement traitées. 
Les témoins initiaux renferment 0,41 m. éq. d'acides libres par g. de subs- 
tance sèche. 


Discussion. Les gains d’acidité observés s'accordent avec les résultats obte- 
nus sur la fixation de CO,, confirment les résultats de Thomas et coll. et de 
plus, mettent en évidence les faits suivants : 

1. — En anaérobiose, malgré l'absence de fixation de CO, externe, les gains 
d’acidité sont nets (cf. Exp. I), mais faibles et la durée augmentant, la dés- 
acidification est pratiquement nulle. 

2. — Les gains d’acidité sont d'autant plus rapides et d'autant plus élevés 
que la vitesse des oxydations est plus grande (maximum en 4 h. comme en 
10 h. pour O,=93 pour cent). 

Le maximum d’acidité ne coincide pas avec le maximum de fixation de CO, 
externe (O,=20 pour cent, 10 h.) car il faut tenir compte également de la 
reprise du CO, libéré par les oxydations respiratoires, or ces oxydations sont 
d'autant plus intenses que l'atmosphère est plus richement oxygénée. 

3. — Lorsque le maximum de gain d’acidité est atteint, les variations 
ultérieures sont faibles. Aux basses et aux moyennes tensions d’O, le taux 
d'acidité se maintient constant, Par contre, en présence des fortes tensions 
d’O,, la désacidification se manifeste avec netteté, la perte d’acidité étant 
d'autant plus accentuée que l’oxygenation est plus forte. 

4. — Il y a une différence sensible, quoique faible, lorsque la tension d'O; 
est voisine de 20 pour cent, entre les feuilles mises en présence d’une atmos- 
phere riche en CO, et les feuilles laissée à l'air libre. Les maximums (10 h.) 
sont alors un peu plus élevés dans le premier cas que dans le second. Mais 
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surtout, la vitesse de carboxylation en 4 h. est plus que doublée en presence 
de CO.. 

5. — Il est possible, ainsi que l’ont fait Thomas et coll., de calculer quels 
sont les gains d’acidité théoriques, d’après les quantités de CO, fixé, afin de 
les comparer aux gains d’acidité mesurés. 

Le tableau 10 indique les gains d’acidité théoriques calculés, pendant la 
période de carboxylation dominante, d'après les quantités d’O, absorbé (gains 
correspondants à la reprise du CO, libéré par les oxydations respiratoires : 
réaction 4 précédemment indiquée) et d’après la réaction 5 résumant la fixa- 
tion du CO, externe et la genèse de l'acide malique à partir d’un glucide : 


(5) Cg Hig Og +2 CO,>2. HOOC-CH,—CHOH—COOH 


Cette réaction se décompose schématiquement ainsi : 


5a Ce Hi, O,+0,-2 CH,—CO—COOH+2 H,O et 
5b 2CH,—CO—COOH+2C0,+H,0>2 HOOC—CH,—CHOH—COOH +0, 


La fixation de 2 mol. grammes de CO, entraîne un gain d’acidité de 4 
équivalents. 

Les bases de ces calculs ne sont évidemment pas rigoureuses. 

Les causes d’erreurs sont multiples. On peut signaler les suivantes : 

a) La solubilité de CO, dans les liquides cellulaires en est une. Si les jus 
de presse sont acides et ne retiennent que peu de CO,, d’après les coefficients 
de distribution d’Ostwald, il n’en est pas nécessairement de méme du proto- 
plasme vivant, qui lui est neutre, sinon alcalin. 

L’extraction des gaz par le vide a l’avantage de réduire considérablement 
la fixation du CO, par simple solubilité dans les liquides cellulaires. 

b) Une fraction des acides organiques est salifiée. Cette fraction est variable 
et il n’est pas tenu compte de ses variations qui seront relatées ultérieurement. 

c) Les analyses en cours montrent également que la quantité d’acide mali- 
que n’est pas la seule variable et que du CO, peut étre fixé par d’autres voies 
(cf. Ranson, Addendum in Thomas et coll., 1954). 

Quoi qu'il en soit, la comparaison demeure tout de même interessante. 

La comparaison des chiffres des tableaux 9 et 10 montre que pendant la 
première période de 4 h, les gains d’acidité calculés d’après les échanges de 
gaz sont plus faibles que les gains mesurés. Ils sont surtout beaucoup plus 
faibles aux basses tensions d’O,, ce qui peut s'expliquer par l'intervention 
d'une reprise de CO, d’origine fermentaire, par un accepteur du type de l'acide 
pyruvique, lui-même produit par fermentation. 

Pour les tensions d’O, supérieures à 20 pour cent, la différence est moins 
explicable, l'intervention de phénomènes fermentaires est peu probable, malgré 
la présence de 7 pour cent de CO. 
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Tableau 10. Gains d’acidité calculés en milli-équivalents par g. de substance sèche, d’après 
l'absorption de COz2 et d’Oz pendant la période de carboxylation dominante (données du 
tableau 5, CO» initial=7 + 0,2 p. cent). 


Période de 0—4 h. Période de 0—10 h. 
D’apres CO, fixé, D’après O, fixe, D'après CO, fixé, D'après O, fixé, 
Atmospheres| ne tenant pas | ne tenant pas ne tenant pas | ne tenant pas 
initiales |compte des oxy-| compte de la | Total compte des oxy-| compte de la | Total 
dations respi- [fixation de CO, dations respi- fixation de CO, 
ratoires externe ratoires externe 
I 
O0, —= 1% 0,05 0,10 0,15 0,92 | 0,20 1,12 
OR 0,08 0,13 0.21 1,02 0,28 1,30 
MO RON 0,15 0,12 0,27 1,10 | 0,36 1,46 
OMAN 0,14 0,13 0,27 1,30 | 0,34 1,64 
05 205% 0,22 0,13 0,35 1,54 | 0,40 1,94 
OL 505% 0,30 0,26 0,56 1,38 | 0,52 1,90 | 
0,93% 0,28 0,28 0,56 1,34 | 0,66 2,00 


Dans tous les cas, et indépendamment des tensions d’O,, les lésions initiales 
des feuilles, inhérentes à la méthode, ne permettent pas une interprétation 
poussée des résultats, la durée de 4 h. étant relativement courte. Avec les 
périodes de 10 h., la comparaison est plus aisée; les disparités sont relative- 
ment moins grandes. Si les gains calculés sont généralement un peu plus 
élevés que les gains mesurés, aux basses tensions, les phénomènes fermentaires 
paraissent prendre moins d'importance relative par rapport aux échanges de 
CO, et d’O,. La concordance entre le calcul et la mesure est assez bonne. 

Aux fortes tensions d’O,, les gains calculés sont plus élevés, mais ainsi que 
l'indique la colonne 0—14 h. du tableau 9, les diminutions d’acidité sont 
proches de se manifester, si elles ne l’ont déjà fait, et l'absorption d’O, ne 
s'accompagne plus alors d’un enrichissement en acides puisqu’au contraire 
elles précipite la décarboxylation. 

3. — Les quotients des échanges de gaz et les variations de l’acidité. — Les 


CO : 
valeurs des quotients d’échanges ©. en volumes sont négatifs pendant la 


2 
phase de carboxylation dominante, si on les compare aux quotients respira- 


toires habituels, puisqu'il y a absorption et non émission de CO, (cf. Thomas 
et coll., 1949). 

Ils sont positifs et leur valeur absolue peut être fort élevée pendant la 
période de décarboxylation dominante. . 

Le tableau 11 indique leur répartition, le calcul en ayant été fait pour les 
différentes périodes comprises entre les diverses durées d’expérience, et non 
sur les durées totales. Sauf pour la durée 0—4 h., le calcul est done fait 
d’après les échanges de lots de feuilles différents, aussi je ne crois pas pouvoir 
tenir compte d'une manière précise des résultats en valeur absolue. 
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Tableau 11. Signes des Quotients d'échanges a, 
2 


Fern 
Atmospheres initiales 0—4 h. 4 h.—10 h. 10 h.—14 h, 14 h.—20 h. 
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Le signe — désigne les quotients de carboxylation <1 en valeur absolue, 
le signe — — les mêmes quotients négatifs >1 en valeur absolue, le signe + 
les quotients compris entre 1 et 2, le signe + + les quotients supérieurs à 2. 

De 0 à 4 h., le quotient — est toujours compris entre —0,5 et —1,7. En 

2 
présence des basses tensions d’O,, il est plus faible en valeur absolue, tradui- 
sant la faible intensité de la fixation de CO, externe par rapport aux oxydo- 
réductions fermentaires génératrices de CO, qui peut être fixé. 

Les plus fortes valeurs absolues des quotients négatifs se situent toutes 
entre 4 h. et 10 h. Elles décroissent lorsqu’augmente la tension d’O,, de —8 
(O,=1 %) à —1,6 (0,—20 %) et à —3,1 (0, —93 %o), traduisant l’affaiblis- 
sement de la fixation du CO, externe, lorsque le CO, libéré par les oxydations 
est plus abondant. Le quotient atteint la valeur de l'unité (quotient respira- 
toire glucidique) quand la carboxylation et la décarboxylation s’équilibrent, 
puis, la tendance à la décarboxylation s’affermit avec la durée, d'autant plus 
rapidement que la tension d’O, est plus élevée, les quotients deviennent alors 
positifs et rapidement supérieurs à 1, valeur des quotients respiratoires glu- 


cidiques. 


D. Conclusions 


Ces deux séries d'expériences permettent de dégager les conclusions sui- 


vantes: 

1. — La fixation du CO, par B-carboxylation est greffée sur les oxydations 
cellulaires, le substrat de fixation étant un produit intermédiaire des oxyda- 
tions. 

9 — Le fixation concerne aussi bien le CO, d’origine respiratoire ou fer- 


mentaire que le CO, externe, mais en anaérobiose, elle est limitée au premier, 
vraisemblablement par une inhibition par les produits de fermentation. 

3. — La fixation de CO, est d'autant plus rapide que les oxydations sont 
plus intenses. Plus rapidement sont atteints le maximum de fixation et le 
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maximum d’acidite, plus rapidement intervient également la désacidification 
par décarboxylation. 

4. — La présence de CO, externe et sa fixation provoqueraient une dévia- 
tion de l'acide pyruvique (ou d’une substance voisine), produit intermédiaire 
des oxydations, vers la B-carboxylation, d’où résulterait un ralentissement de 
sa propre oxydation. 

5. — La décarboxylation à l'obscurité, après une période prolongée, sup- 
pose une inversion de l’activité enzymatique dès que le taux maximum d’aci- 
dité a été atteint. 

Tout se passe comme si l'élévation du taux d’acidité favorisait la decarbo- 
xylation dès qu’une concentration maximum d’acide est réalisée. La pré- 
sence de CO, en grandes quantités freine la décarboxylation ou bien favorise 
la carboxylation compensatrice. 

Des études de la cinétique de ces réactions enzymatiques apporteront peut- 
être quelques éclaircissements sur ce probleme. 


Résumé 


Des feuilles de Bryophyllum Daigremontianum Berger sont placées à l’obs- 
curité, dans des atmosphéres dont la tension d’O, s’échelonne de 0 à 100 pour 
cent. Ces atmospheres sont, ou bien dépourvues de CO,, ou bien en renferment 
7 pour cent. 

Les analyses des échanges d’O, et de CO, et celles des variations de l'acidité 
des tissus, pendant des périodes croissantes, montrent l’influence de la vitesse 
des oxydations sur la fixation de CO,, qu'il s'agisse du CO, libéré par ces 
mêmes oxydations ou du CO, présent initialement dans les atmospheres 
externes. 

Ces analyses montrent également le rôle de l'O, dans la détermination de 
la vitesse des oxydations des glucides et des acides organiques. 

Des hypothèse sont faites pour rapprocher ces résultats des réactions du 
métabolisme intermédiaire des oxydations (cycle de Krebs et réactions de 
B-carboxylation) proposées par les recherches de biochimie. 
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A. Introduction 


Dans un précédent article, j'ai décrit l'influence qu’exerce l'oxygène sur 
la fixation de l’anhydride carbonique par les feuilles de Bryophyllum Dai- 
gremontianum Berger et sur l'acidité de ces feuilles. (Moyse, 1955). 

L'étude des variations nycthémérales de l'acidité des plantes grasses a 
montré que la photosynthèse est un des facteurs déterminant leur grandeur. 
Plusieurs hypothèses ont été émises sur les relations qui peuvent exister entre 
l’appauvrissement en acide malique et l'émission photosynthétique d'oxygène. 
Mayer (1878, 1899) a supposé qu'après décarboxylation une molécule d'acide 
malique libère une molécule de CO, repris dans la photosynthèse, le reste 
tricarboné de la molécule d'acide se condensant avec des restes semblables 
pour synthétiser directement un glucide. 

Wolf (1931, 1932) a admis que le même mécanisme de disparition partielle 
de l’acide malique intervient à l'obscurité, après 24 h., et à la lumière immé- 
diatement, par décarboxylation, formation d'acide pyruvique et de CO,. La 
tension de ce dernier corps qui est repris dans la photosynthèse reste faible. La 
décarboxylation l'emporte constamment. Les restes incomplétement oxydés 
de l'acide malique favoriseraient la décarboxylation aussi bien à la lumière 
qu'à l'obscurité. 


! Actuellement Directeur du Laboratoire de Photosynthèse du C.N.R.S., GIF-sur-Yvette 
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La resynthese des glucides, aussi bien à l’obscurite qu’à la lumière, lorsque 
le taux d'acide malique diminue, a été soulignée par Bennet-Clark (1933 
a et b). 

Thomas (1949) a expliqué l'enrichissement en acides des feuilles de Cras- 
sulacées par une réaction de Wood et Werkman. Le CO, libéré par les oxy- 
dations respiratoires est fixé par B-carboxylation, d'où genèse d'acide malique 
à l'obscurité, 

Cette réaction nécessite la présence de CO, en quantité suffisante Elle a 
lieu si la tension partielle de CO, dans l'atmosphère interne des tissus est 
assez élevée. 

Si cette tension est très basse, la décarboxylation l'emporte. A la lumière, 
la photosynthèse réduit la tension partielle de CO, de telle manière que la 
carboxylation n’a pas lieu. Il admet que les activités enzymatiques qui assurent 
la carboxylation et la décarboxylation peuvent s'exercer aussi bien à la 
lumière qu'a l'obscurité. La compétition entre la photosynthèse et la carbo- 
xylation vis-à-vis du CO, disponible permet alors de comprendre comment 
la carboxylation l'emporte au cours de la nuit, la décarboxylation dominant 
par contre à la lumière. 

Thomas et ses élèves en ont fourni la preuve en plaçant des feuilles de 
Bryophyllum dans des atmosphères d’air enrichi en CO,. Le mécanisme de 
la photosynthese se trouvant saturé par l'abondance du CO,, une partie de 
ce dernier est disponible pour la carboxylation. Dans ces conditions, on assiste 
au retard de la décarboxylation à la lumière et même à une fixation active 
de CO, par carboxylation avec enrichissement des tissus en acides (1949, 
1954). 


J'ai étudié l'influence de l’oxygene sur la désacidification des feuilles de 
Bryophyllum Daigremontianum Berger, à la lumière, et sur leurs échanges 
gazeux photosynthétiques. 

Le rôle de l'oxygène a de multiples aspects puisqu'il accélère ou ralentit 
lacidification des feuilles à l'obscurité, selon sa tension partielle et la durée 
des périodes d'examen, et puisqu'il agit directement sur l'intensité de la 
photosynthese. 


B. Methodes & techniques 


Des feuilles, aussi identiques que possible, sont prélevées le matin, alors 
qu'elles sont riches en acides organiques. Elles sont réparties en lots homo- 
gènes, Les lots sont pesés et placés dans des enceintes dont l'air est remplacé 
par des mélanges d’O,, de CO, et de N, en proportions déterminées. 

Les enceintes sont mises en présence de lumière artificielle (tubes fluores- 
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cents Philips, type »lumiére du jour»). L’intensité lumineuse, au niveau des 
feuilles, est de 2.000 lux. Les gaz sont ensuite extraits et analysés. 

La réalisation des atmosphères, leur contrôle, l'extraction et l’analyse des 
gaz, ainsi que les dosages de l’acidité libre et des glucides sont faits comme il 
a été indiqué précédemment (Moyse, 1955). 


C. Expériences & résultats 


I — La photosynthèse et la désacidification, en fonction de la tension partielle 
de l'oxygène dans l’atmosphère 


Deux séries d'expériences ont été faites, les feuilles étant mises en présence 
d’atmospheres de compositions diverses : 

— azote purifié (0,<0,1 °/o), mélanges d'oxygène et d'azote, O, présentant en 
volume les proportions suivantes : 1, 2, 5, 10, 21 (correspondant sensible- 
ment à l’air ordinaire), 50 pour cent, et oxygène purifié. 

La courbe de la figure I a représente les résultats moyens obtenus les 24 
et 25 Octobre 1952, avec des feuilles n° 3 de 10 cem#+1 cm de longueur, 
cueillies à 8 h. le matin et exposées à la lumière pendant 10 heures, la tem- 
pérature étant de 19° C. 

L'émission d’O,, en 10 h., est de 4,5 cm? par g. de substance sèche, dans 
l'azote. Elle s’eleve à 8,03 cm? (maximum) dans l'atmosphère O,=5 pour 
cent, conserve une valeur élevée jusqu'à la tension partielle d’O, de 50 pour 
cent (7,71 cm?) et diminue brusquement dans l'oxygène pur (3,26 cm). 

Il est curieux de constater simultanément une émission de CO,, ce qui 
confirme les anciennes observations de Aubert (1892). Cette émission est 
très faible dans l'azote : moins de 0,1 cm? en 10 heures, par g. de substance 
sèche, et croit régulièrement lorsque la tension partielle d'O, s'élève. Elle 
atteint 2,89 cm? dans l'atmosphère initiale d’O, pur, avec une tension par- 
tielle de 0,9 pour cent. 

Des analyses de contrôle des glucides ont été faites sur des feuilles témoins 


Tableau 1. Contrôle glucidique. Glucides exprimés en mg. de glucose par g. de substance sèche. 


| 


| | | eae 
| b) c) | | 
| a) | à ee PRI fea \ b)—c) | | 
PE A Dr ee D ET PO he 
Se À yse par) ac de |Saccharose midon| totaux | 
libre | Tinvertase |SO4H: 0,35 N) heptose | 
| | | | 
| Debut d'expé- | | | | 
|  rience ...... 6,9 22,3 | N BI ee) 3,1 | 22,7 45 
| Fin d’ exp. | | | | 
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x ET | - 6 | « | ! 
illumination) 10,7 21,4 19,3 10,7 2,1 | 28,5 49,9 | 
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Figure 1. Série 1 : Feuilles de Bryophyllum Daigremontianum Berger. 


I a. — Variations de l'émission d'O2 par photosynthèse et de l'émission de CO2 par oxyda- 
tion, en fonction de la tension partielle d'oxygène. (O2 émis et CO2 émis : cm? par g. 
de substance sèche). 

Ib. — Variations de l'acidité libre (pertes), (acidité exprimée en milli-équivalents par g. 
de substance sèche) : Acidité initiale=1,30 m. éq./g. sec. 

Pression partielle initiale de COg=0. Durée de l'expérience : 10 h. Eclairement : 2.000 lux. 
19227. 


cueillies en même temps que les précédentes et fixées soit immédiatement, 
soit après 11 h. d’illumination à 2.000 lux, à l’air libre. Le tableau I indique 
les résultats de ces analyses. 

L’accroissement du taux glucidique est faible. Il est dû au glucose (Réduc- 
teur libre — sédoheptose) et à l’amidon. Le taux de saccharose et celui du 
sédoheptose diminuent légèrement. (cf. Pucher et coll, 1947.) 

La courbe de la figure 1 b présente les pertes d’acidité des feuilles en fonc- 
tion de la tension d’O,. L’acidité initiale des feuilles est de 1,30 m. éq. Les 
diminutions de l’acidité à la lumière sont dûes vraisemblablement à celles 
du taux d’acide malique principalement, et, à un moindre degré, à celles du 
taux d’acide citrique, ainsi que l’ont établi Pucher et coll. (1947, 1949) pour 
les feuilles de Bryophyllum calycinum. L’acide isocitrique, par contre, ne 
presente pas de variations sensibles lors des alternances de jours et de nuits 


(Vickery, 1952). 
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Tableau 2. Feuilles n°3 de Bryophyllum Daigremontianum Berger, prélevées le 28 Octobre 
1952, à 7 h. du matin. — COg=0. T=19° C. Eclairement : 2.000 lux. Durée : 9 h. +0 h. 30. 
Os et COs émis en cm? par g. de substance sèche, perte d’acidité en milli-équivalents par g. 


de substance sèche. 
ET 


Atmospheres initiales O, émis CO, émis Pertes d’acidité 
1 4,8 | 0 0,45) y 

NE. 2 4.0, eee 0 Ota) eee 

| 3 6,3) > 0 0,48] © 

| 1 6,2 0,4 DST 
O,= 21% cu. 2 6,4 ree cee 0,4 er 0,51 EN a 

as 3 741 le: 0,3) Pee 0,48) °’ 

| 1 1,8 1,3 re 

| : Fe 
D, tes, 1 us| es ul a os] es 

| 3 3.0, SC 131-8 0,47) ” 

| Témoins à l'air libre | 0,55 


Les pertes sont faibles dans l’azote : 0,07 m. éq. par g. de substance sèche 
en 10 h., mais croissent très rapidement lorsque la tension d’O, s'élève. Elles 
sont de 0,31 dans l'atmosphère d'oxygène à 5 pour cent et continuent à croître, 
bien que plus lentement, en présence des atmospheres plus riches en Og. Elles 
atteignent 0,38 dans l'atmosphère O,—21 pour cent et ne s'élèvent plus ensuite. 

Des feuilles témoins, éclairées dans les mêmes conditions que les précéden- 
tes, mais à l'air libre, présentent une perte d’acidité beaucoup plus forte, 
s’elevant à 0,68 m. éq. par g. de substance sèche. On peut penser que la propre 
tension de CO, réalisée dans les atmosphères confinées au cours des expé- 
riences limite la perte d'acidité par une reprise de la carboxylation. 

Une expérience faite en utilisant seulement trois atmosphères, l’une d’azote, 
l'autre d'azote et d'oxygène à 21 pour cent, la troisième d'oxygène pur, con- 
firme cette interprétation ainsi que les autres résultats des expériences pré- 
cédentes (Tableau 2). On y retrouve les mêmes variations dans les émissions 
d’O, pur et de CO, et, de plus, une perte d’acidité maximum, non plus en 
présence d’O,, mais dans lair ordinaire. Dans l'oxygène pur, le dégagement 
abondant de CO, provoque vraisemblablement une reprise active de la carbo- 
xylation. 

Dans toutes ces expériences la teneur en eau des feuilles s’echelonne de 
1150 à 1250 pour 100 de substance sèche et les variations des échantillons, 
selon les atmosphères dans lesquelles ils ont séjourné, ne sont pas significatives. 
Les variations du poids de substance sèche sont trop faibles pour être dé- 
celées et peuvent être négligées dans l'interprétation des résultats. 


Les conclusions suivantes se dégagent de ces résultats 


1. — En l'absence de CO, externe, la photosynthèse a lieu aux dépens du 
carbone des acides organiques dont la quantité diminue. 
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Oz émis x 
CO» en) en fonction 


de la tension partielle d’Os, la tension de CO» initiale étant nule. (Exp. des 24 et 25 Octobre) 


Tableau 3. Valeurs du quotient photosynthétique apparent (Q. P.= 


— Fig. I a). 
Atmos- 
N(0,< | 
phéres aS PR esse Fe PL RE NRA 
initiales Ca | | | | 
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La photosynthèse croît en intensité avec loxygénation, atteint son maxi- 
mum quand O, est présent à 5 pour cent et se maintient encore à des valeurs 
élevées jusque dans l'O, à 50 pour cent. Elle décroît brusquement dans O, 
pur. 

2. — Une émission simultanée de CO, se manifeste. En grandeur, elle est 
fonction de la tension partielle d’O,. Dans l'azote, ainsi qu’en présence des 
très faibles tensions d’O,, elle est masquée par la photosynthèse qui reprend 
le CO, à mesure de sa libération. Mais elle devient nettement perceptible 
quand la tension d’O, s’accroit et atteint son maximum dans l'O, pur. Elle 
permet même, dans ces conditions, une nette reprise de la carboxylation qui 
se traduit par une diminution de la perte d’acidite. 

3. — On peut admettre que dans l’azote et dans les atmosphères très faible- 
ment oxygénées, la vitesse même de la photosynthèse est déterminée, en partie 
au moins, par la vitesse de la décarboxylation ou de l'oxydation des acides 
organiques. On sait qu’aux basses tensions d’O,, la photosynthèse croît lorsque 
la tension d’O, s’eleve (Franck, 1935). La photosynthèse atteint ses plus fortes 
valeurs et les conserve dans la mesure où elle n’est pas elle-même partielle- 
ment inhibée par l'oxygène, ainsi que l'ont établi des recherches antérieures 
(Franck, 1951). 

Ces résultats sont également à rapprocher de ceux obtenus par Molliard 
(1935, 1936) avec le Radis. L’optimum de croissance des plantes et vraisem- 
blablement l’optimum d'activité photosynthétique sont réalisés en présence 
d’atmosphéres renfermant 5 pour cent d’O,. Les tensions plus élevées provo- 
quent une chute de croissance d’autant plus prononcée qu'elles sont plus 
fortes. 

4. — L'apparition de CO, dans ces expériences montre que le point de 
compensation lumineux pour la photosynthèse et la décarboxylation est nette- 
ment plüs élevé que le point de compensation correspondant à la photosyn- 
thèse et aux oxydations respiratoires habituelles. Ce dernier est toujours in- 
férieur à 1.000 lux (Rabinowitch, 1951). 

5. — Le quotient photosynthétique apparent est négatif, en raison de cette 
émission de CO,, et il est d’autant plus élevé en valeur absolue que la tension 
d’O, est plus basse (Tableau II). 
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6. — Considérant que les variations d’acidité sont dües presque exclusive- 
ment A celles du taux d’acide malique, il est possible de calculer la perte 
théorique d’acide en fonction de l’Emission d’O:. 

D’après la réaction globale de la réduction de l’acide malique en glucose : 


3 HOOC—CH,—-CHOH—COOH+3 H,0>2 Cg His Os+3 Oz, 


on peut calculer que l’émission de 3 O, correspond a une perte d’acidité de 6 
milli-équivalents, soit une émission de 11,2 cm? d’O, par milli-équivalent perdu. 

Ce calcul, appliqué aux résultats précédents, montre que la perte d’acidité 
n’atteint un ordre de grandeur compatible avec l’émission d’O, qu’à partir 
de la tension partielle de 5 pour cent. 

En présence des tensions d’O, inférieures, plus d’O, est émis que ne le 
laissent prévoir les diminutions d’acidité, ce qui conduit à penser que des 
phénomènes fermentaires interviennent libérant du CO, et alimentant ainsi 
indirectement l’émission d’O,. 

Dans l'O, pur, de tout le CO, émis par la simple décarboxylation de l'acide 
malique, un peu plus de la moitié seulement serait repris dans la réduction 
photosynthétique. 

De tels calculs, très approximatifs, ainsi que je l’ai indiqué dans la première 
partie de ce mémoire, ne permettent pas de conclure avec plus de précision. 

7. — A propos du mécanisme même de la photosynthèse, ces résultats ne 
permettent pas d'établir que tout le carbone de l’acide malique doit d’abord 
être oxydé, passer à l’état de CO,, avant d’être réduit dans la photosynthèse. 
Quelles que soient les réactions intermédiaires, les bilans d'échanges de gaz 
sont en effet les mêmes. Mais ils permettent de penser qu’une partie au moins 
des groupes carboxyles de l’acide malique sont libérés à l’état de CO, avant 
qu'il présente chez les Scenedesmus et la plupart des organismes examinés 
malique, leur reprise directe reste du domaine de l’hypothese. Le comporte- 
ment de l’acide malique, dans ces feuilles, est différent d’ailleurs de celui 
qu'il présente chez les Scenedesmus et la plupart des organismes examinés 
au cours des recherches sur la photosynthèse, puisqu’habituellement son taux 
s'élève à la lumière et diminue à l'obscurité (Calvin et coll., 1952). Ses 
relations avec le mécanisme de la photosynthèse ne sont donc certainement 
pas comparables. 

Les travaux de Fan et coll. (1943), avec Chlorella pyrenoïdosa cultivée en 
présence de différents ions organiques (acétate, pyruvate, lactate, succinate, 
fumarate, malate, citrate et isocitrate) n’ont pas apporté de conclusions posi- 
tives sur l’utilisation directe des ions organiques dans la photosynthöse. 

Plus recemment, Krotkov et coll. (1954) ont montré qu'il était possible que 
oh de Nicotiana Tabacum nourries d acide acétique marqué CH,— 

: assimilent le carbone de cet acide partiellement après son oxydation 
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Tableau 4. Contröle glucidique. Glucides exprimés en mg. de glucose par g. de substance sèche. 


eee 


a) ‘eel Mara By Pee b)—c) 
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mination en 
presence | 

| d’air + CO, 15,7 21,4 17,8 5,7 3,6 26 47,4 | 


nw 
= 
or 


13,1 9,5 7,4 18,9 39,4 


totale et partiellement avant dégradation complete, en raison de la présence 
de IC, dans le glucose synthétisé, en positions 2 et 5, alors que la photo- 
synthese 4 partir de CO, entraine le marquage rapide en positions 3 et 4 
seulement. 

Aucun argument probant ne semble encore étre apporté sur l’utilisation 


directe de chainons tricarbonés dans la photosynthése. 


II. La photosynthese et l’equilibre de l’acidite, en fonction de la 
tension partielle de l'oxygène dans l’atmosphere 


Deux séries d’expériences, paralléles aux précédentes, ont été faites, en 
présence des mêmes tensions d’O, et, en plus, de CO, à la tension partielle 
de 5,7+0,1 pour cent. 

La courbe de la figure 2 a représente les résultats moyens obtenus les 10 
et 11 Octobre 1952, avec des feuilles identiques à celles utilisées précédem- 
ment, prélevées A 7 h. le matin et soumises aux mémes conditions de tempé- 
rature et d’éclairement. 

L'émission d’O,, en 10 h., est de 8 cm? par g. de substance sèche, en atmos- 
phère d’azote. Elle croit rapidement lorsque le tension partielle d'oxygène 
s’eleve (13 cm’, 7 pour O,=1 pour cent), reste stationnaire, puis diminue 
des que cette tension atteint 10 pour cent, lentement d’abord (11,1 cm? pour 
O,=21 pour cent), enfin rapidement (4,9 cm? pour O,—94,3 pour cent). 

L’absorption de CO, présente des vayiations de même allure. De 8,1 cm? 
dans l’azote, elle s'élève (12,8 cm? pour O,=1 pour cent), puis reste sta- 
tionnaire jusqu’à ce que la tension d’O, dépasse 21 pour cent. Elle diminue 
alors, mais moins rapidement que l'émission d’O,. La tension finale de CO, 
dans les atmosphéres ne s’est jamais abaissée au-dessous de 1,8 pour cent. 

Le contrôle des glucides a donné les résultats suivants (Tableau 4). Il 
a été effectué avec des feuilles qui opt séjourné pendant la même durée que 
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Figure 2. — Série 2: Feuilles de Bryophyllum Daigremontianum Berger. 
II a. — Variations de l'émission d’O2 par photosynthèse et de l'absorption de COz en fonc- 
tion de la tension partielle d'oxygène. (Oz émis et CO: absorbé : cm? par g. de substance sèche.) 
Il b. — Variation de l'acidité libre (gains), (acidité exprimée en milli-équivalents par g. de 
substance sèche). 
Pression partielle initiale de CO2=5,7 °/o. — Durée de l'expérience : 10 h. Eclairement : 


2.000 lux. T=19° C. 


les précédentes dans une atmosphère d’air enrichi de 6 pour cent de CO, 
et ont été illuminées dans les mémes conditions. 

L’accroissement du taux glucidique, plus élevé que dans l’expérience pré- 
cédente, est di a celui du glucose (réducteur libre — sédoheptose) et A celui 
de l’amidon. Les diminutions des taux de saccharose et de sédoheptose sont 
également sensibles. 

La courbe de la figure 2 b présente les variations correspondantes de 
Vacidité. L’acidité des feuilles témoins, au début de l'expérience, est de 1,53 
m. éq. Il n’y a pas pertes, mais gains d’acidité, ce qui confirme les résultats 
de Thomas et coll. (1949, 1954). 

Ces gains, de 0,41 m. éq. dans l’azote, augmentent d’abord lorsque la 
tension d’O, s'élève (0,63 m. éq. en présence d’O,=2 pour cent) puis se 
stabilisent ei ne diminuent que lorsque la tension d’O, dépasse 21 pour cent. 
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Tableau 5. Feuilles no3 de Bryophyllum Daigremontianum Berger, prelevees le 4 Novembre 
1952 à 7 h. du matin. COs=6 pour cent. T=19° C. Eclairement : 2.000 Lux. Durée : 10 h. 
+0 h 30. Og émis et CO> absorbé en cm? par g. de substance sèche, gains d’acidité en 
milli-équivalents par g. de substance sèche 
rm 
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Le gain n'est plus que de 0,28 m. éq. dans l'atmosphère la plus riche en O.. 
Les feuilles témoins, laissées à l'air libre, ont perdu pendant le même temps 
0,41 m. éq. 

Une autre expérience a été faite avec des feuilles comparables mises en 
présence d’atmospheres renfermant 6 pour cent de CO, et soit de l'azote, 
soit un mélange d’azote et d'oxygène (O,=20 pour cent), soit de l'oxygène 
pur. Les résultats en sont exprimés dans le tableau 5. 

Dans toutes ces expériences, la teneur en eau des feuilles s’échelonne de 
1230 à 1370 pour 100 de substance sèche. 

Les feuilles témoins, laissées à lair libre, ont perdu pendant le même 
temps 0,42 m. éq. Si, dans l'expérience présente, il n’y a pas gain, mais perte 
d’acidite, cette perte est nettement moins élevée que celle subie par les témoins. 


Les conclusions suivantes peuvent être dégagées : 


1. — Lorsque le CO, se trouve en abondance dans l'atmosphère, la photo- 
synthèse a lieu à ses dépens. De plus, grâce à lui, la désacidification est ralen- 
tie, annulée ou bien même remplacée par une acidification nette, ainsi que 
l'ont montré Thomas et coll. (1949, 1954). 

Si l'on compare les deux series d’experiences, la premiere faite avec des 
atmosphères initialement dépourvues de CO,, la seconde avec des atmospheres 
riches en CO,, on constate que, dans le second cas, la photosynthèse est beau- 
coup plus intense que dans le premier. Elle est environ 2 fois plus rapide. 

L’excédent de CO, disponible peut même accroître la vitesse de la carbo- 
xylation, ce que traduit l'élévation de l'acidité des feuilles. 

2, — La photosynthèse et la fixation de CO, par B-carboxylation croissent 
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; AA Oz émis 2 
Tableau 6. Valeurs du quotient photosynthétique apparent (Q. Eos alsorbe en fonction 


de la tension partielle d’O2 et en présence de CO2 abondant (5,7 +0,1 pour cent). (Exp. des 
10 et 11 Octobre 1952 — Fig. II a). 
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avec l’oxygenation aux basses tensions d’O,. Dans l’azote, la phofosynthese 
est peu intense ainsi qu'il est généralement reconnu chez les plantes. Il en est 
de même de la carboxylation. 

L’intensité de la photosynthése et celle de la carboxylation s'élèvent quand 
ies atmosphéres renferment initialement de 1 à 5 pour cent d’O,. En présence 
de tensions d’O, plus élevées, la photosynthése se ralentit. Il en est de même 
de la carboxylation et l’on constate simultanément l'inhibition de la photo- 
synthèse et la tendance à la désacidification lorsque s’éléve la tension d’O,. 


Ces résultats confirment sur ces divers points les résultats obtenus précé- 
demment. 


3. — Le quotient photosynthétique apparent est positif et très voisin de 
l'unité (Tableaux 5 et 6). Il est d'autant plus proche de cette dernière valeur 
que le taux d’acidité est plus stable, ainsi qu’on le constate notamment en 
présence des faibles tensions d’O,, alors que les oxydations, la carboxyla- 
tion et la décarboxylation sont lentes. (cf. Ranson, in Thomas, 1951, Moyse, 
1953). 

Aux tensions élevées d’O,, la photosynthèse est plus déprimée que ne l’est 
la carboxylation, l'émission photosynthetique d’O, est plus amoindrie que ne 
l'est la fixation de CO,, et le Q. P. apparent est alors légèrement inférieur 
à l'unité, 

D'après la réaction globale de fixation de CO, par carboxylation ou la 
réaction inverse de décarboxylation : 


Ce H19 Os+2 CO, 22 HOOC—CH,—CHOH—COOH, 


on peut calculer la part qui revient à cette réaction dans la fixation totale de 
CO, à la lumière. 

Dans le cas où la variation d’acidité est la moins forte, (Tableau V), on 
constate que le Q. P. corrigé reste encore très voisin de 1 (0,94 pour l’atmos- 
phère N,=94,1 pour cent, 0,91 pour l'atmosphère O,—20 pour cent), mais il 
s’en éloigne quand la variation d’acidité est plus intense (0,66 pour l’atmos- 
phere O,—94,1 pour cent). 
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La part des phénomènes simultanés : photosynthèse, oxydations des glu- 
cides, carboxylation et décarboxylation, ne peut être établie avec précision 
dans l'ignorance d’un certain nombre de facteurs tels que la grandeur réelle 
des oxydations glucidiques, la répartition du CO, fixé par la photosynthèse et 
la carboxylation. 


D. Conclusion 


La compétition pour l’anhydride carbonique entre la photosynthèse et la 
carboxylation se trouve bien établie pour les feuilles de Crassulacées. 

La valeur de la tension partielle de CO, réalisée par les oxydations cellu- 
laires, suffisante pour que la carboxylation domine à l'obscurité, ne l’est plus 
à la lumière, quand la photosynthèse intervient avec son mécanisme rapide 
d’assimilation carbonée. La soustraction rapide du CO, ne permet plus à la 
réaction de carboxylation d’équilibrer la décarboxylation qui l'emporte alors. 
Un apport supplémentaire de CO, peut, assurant la saturation du mécanisme 
photosynthétique, renverser le sens de l’équilibre qui gouverne l'acidité des 
feuilles. 

Dans la physiologie naturelle des Crassulacées, la ß-carboxylation réalise 
une conservation immédiate du CO, d'origine respiratoire et une fixation 
nocturne du CO, atmosphérique. La décarboxylation réalise pendant le jour 
la tension de CO, tissulaire nécessaire pour une photosynthèse intense. 

Les deux mécanismes de fixation et de réduction de CO, se relaient dans 
le temps grâce à l’activité B-carboxylasique beaucoup plus intense que celle 
qui est reconnue chez d'autres plantes. 

A ce propos, Koursanov (1954) a montré que chez le Haricot, la carboxyla- 
tion peut, au niveau des racines, jouer un rôle non négligeable dans la fixation 
totale de CO, par la plante entière. 

La physiologie des plantes grasses diffère en ce que les feuilles présentent 
une activité carboxylasique suffisamment intense pour masquer toute émis- 
sion du CO, respiratoire, assurer une fixation nocturne du CO, externe, de 
telle sorte que la photosynthèse peut, à la lumière, présenter ensuite une inten- 
sité beaucoup plus élevée que celle qu'elle atteindrait par une simple com- 
pensation avec la respiration en l'absence de CO, externe. 

Le rôle de l'oxygène dans les oxydations glucidiques, Vacidification et la 
désacidification, et la photosynthèse, est primordial. 

Pour les feuilles de Bryophyllum, la multiplicité de ses actions peut s’ana- 
lyser ainsi : 

a) Oxydations cellulaires. L’oxygene les accélère vivement. Aux confins 
de l'anaérobiose, il assurerait la désintoxication des cellules vis-à-vis des pro- 
duits fermentaires, inhibiteurs de la carboxylation et de la photosynthese. 
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b) Acidification. L'oxygène accélère la fixation de l’anhydride carbonique 
par la genèse d’un substrat tricarboné qui peut être carboxylé et conduire 
ainsi à l'accumulation d'acide malique. Cette action est sensible à l’obscurite 
et à la lumière. 

c) Désacidification. L’oxygene accélère à l'obscurité, comme à la lumière, 
l'oxydation des acides organiques, avec émission d’anhydride carbonique, la 
désacidification commençant très vraisemblablement par une décarboxylation. 

Selon que les feuilles sont riches ou pauvres en acides, l’action de l'oxygène 
favorise immédiatement soit la carboxylation, soit la décarboxylation. Pou- 
vant agir sur les deux mécanismes opposés de la même manière, en accrois- 
sant leur vitesse, il ne peut être le seul facteur qui règle le sens du déplacement 
de l'équilibre entre ces deux mécanismes, Son action, même conjuguée avec 
celle de l’anhydride carbonique, ne peut expliquer d’une manière satisfaisante 
le renversement de l’activité enzymatique à l'obscurité, lorsque les feuilles ont 
atteint leur maximum d’acidite. L'étude de la cinétique de la carboxylation 
et de la décarboxylation, en présence des produits qui résultent de ces réactions 
inverses, pourraient peut-être apporter des renseignements sur cette question. 

d) Photosynthese. L’oxygéne agit sur la vitesse de la photosynthèse, en 
accélérant les oxydations génératrices d’anhydride carbonique lorsque les 
feuilles ne peuvent en trouver dans l'atmosphère externe. 

Parmi les diverses actions que l'oxygène peut exercer sur la photosynthèse 
aux confins de l’anaérobiose, il faut donc tenir compte du rôle qu'il joue 
dans l'apport d’anhydride carbonique en favorisant l'oxydation des acides 
organiques. 

Mais son action sur la photosynthèse se traduit aussi par une inhibition, 
des que sa tension partielle atteint des valeurs élevées dans l'atmosphère. 

Les connections qui existent entre les oxydations cellulaires, les mécanismes 
de l’acidification et de la désacidification des feuilles et enfin la photosynthése 
sont établies à la fois par l'intervention des mêmes produits minéraux tels 
que l’anhydride carbonique, l'oxygène et l’eau et par un certain nombre 
d'acides organiques communs qui appartiennent au métabolisme iptermé- 
diaire. La concentration de chacune de ces substances gouverne le sens de ces 
réactions diverses dans leurs résultats, selon la prédominance des activités 
enzymatiques nécessaires aux synthèses comme aux dégradations. Des tra- 
vaux sont en cours pour préciser ces points, par l'analyse des principaux 
acides organiques présents dans les feuilles de Bryophyllum, 


Résumé 


Les échanges de gaz photosynthétiques et les variations de l'acidité des 
feuilles de Bryophyllum Daigremontianum Berger (Crassulacée) sont étudiés 
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soit en presence, soit en l’absence de CO, externe, dans des atmospheres dont 
. ’ x 27 
les tensions d'oxygène s’échelonnent de 0 à 100 pour cent. 


105 e 5 : ation des acides organiques 
En l'absence de CO, externe, la dégradation d d ganiques assure la 
fourniture d’aliment carboné A la photosynthèse. 


Le faibles tensions d’O, qui favorisent une vitesse très appréciable de la 
désacidification et une vitesse élevée du mécanisme photosynthétique permet- 
tent à la photosynthése d'atteindre son intensité maximum. 


Les fortes tensions d’O,, quoique très favorables aux oxydations des gluci- 
des et des acides organiques, inhibent partiellement la photosynthèse. 

En présence de CO, externe abondant, l’acidification peut se poursuivre à 
la lumière concurremment à la photosynthése. L'action favorable des faibles 
tensions d’O, se manifeste également. Les hautes tensions d’O, dépriment plus 
la photosynthèse que la fixation de CO, par ß-carboxylation et l’acidification 
qui en résulte. 

Les différents mécanismes physiologiques mis en jeu : oxydations glucidi- 
ques, carboxylation et décarboxylation et enfin photosynthèse sont confron- 
tés en présence ou en l'absence de CO,, en fonction de la tension partielle 
d'oxygène. 

Je remercie vivement Mr. le Professeur M. Thomas, du King’s College (Newcastle 


upon Tyne), qui ma prodigué du précieux conceils et m'a fait profiter de ses 
suggestions critiques. 
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Introduction 


It was found some years ago by one of us (Kihlman), that half the growth 
inhibiting effect of caffeine on the ascomycete Neurospora crassa could be 
reversed by about equimolar concentrations of adenine. Hypoxanthine, and 
to a lesser degree adenosine, had a similar effect. 

Previously, an antagonism between caffeine and adenine had been de- 
scribed by Macht and Schroeder (1930), who observed that the growth of 
seedlings of Lupinus albus was less inhibited by a mixture of adenine and 
caffeine than by the compounds taken separately. An antagonistic effect of 
adenine was also observed by these authors in connection with other bio- 
logical activities of caffeine. 

In 1949 Kidder and Dewey published a study of the effect of substituted 
purines on the growth of the animal microorganism Tetrahymena geleii. 
They found that the dimethylxanthines and trimethylxanthine (caffeine) in- 
hibited growth but that the inhibition could be partly reversed by guanine 
or other purines. Kidder and Dewey concluded that the methylxanthines 
interfere with at least two enzyme systems, one of which is a purine system. 
The latter is believed to be inhibited, because the structural relationship 
existing between the methylxanthines and the cellular purines (adenine, 
guanine), makes them compete for active centers at the enzyme surface 
(antimetabolite hypothesis) . 

Since the results obtained by Kihlman in Neurospora were almost identical 
with those obtained by Kidder and Dewey in Tetrahymena, it seemed reason- 
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able to assume that the physiological mechanism behind the caffeine-inhibition 
is also identical in the two cases. However, when later on the antagonism 
problem in connection with the growth inhibiting effect of caffeine was 
reinvestigated with the ascomycete Ophiostoma multiannulatum as experi- 
mental material, facts soon emerged, which were hardly compatible with an 
explanation in line with the antimetabolite hypothesis. The results of these 
experiments are described below. 


Methods 


Ophiostoma was grown in shaken tubes with liquid nutrient solution (»modified 
medium 3», Fries 1949), where the fungus was propagating by conidial budding. 
Each tube contained 10 ml. solution which were sterilised by autoclaving. The tubes 
were then inoculated with thoroughly washed conidia (from a shake-tube culture) 
suspended in distilled water, 1 ml. suspension being added to each tube. A wild 
type strain (No. 5aŸ) was used as experimental material. After inoculation the tubes 
were placed on a shaker at +25° C. The growth was daily determined photo- 
metrically. 

In the experiments with Neurospora crassa (a wild type strain) the fungus was 
cultivated in »Ryan-tubes» (Ryan et al. 1943) with Medium 3 solidified with 1.5 
per cent agar. Each tube contained 15 ml. of the medium. The position of the hyphal 
frontier was noted every day, and an average value of the hyphal growth rate thus 
obtained. 


Experiments and Discussion 


The caffeine-inhibition of growth of different strains of Ophiostoma has 
previously been studied by Fries (1950). His experiments showed that growth 
as a rule was completely inhibited by a caffeine concentration of 0.175 per 
cent (=c. 8X 10 * M). This observation was confirmed by the present ex- 
periments. It was further found that the caffeine-inhibition was dependent 
on the concentration of conidia in the inoculum. The more conidia the 
inoculum contained, the weaker the inhibition. Table 1 shows how the in- 
hibition is affected when the inoculum is diluted to one a tenth of the original 
concentration of conidia, 

If the nutrient solution in addition to caffeine contains a sufficient amount 
of adenine, the caffeine-inhibition is partly released. It appears from table 2 
that the inhibition of conidial growth produced by 10 2 M of caffeine is hardly 
at all affected until the adenine concentration is equimolar to that of caffeine. 
After 7 days of incubation, the growth in the presence of 3X 10? M of adenine 
proved to be 73 per cent of the growth in the control tube (without caffeine 
and adenine), In the absence of adenine only 3 per cent of control growth 
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Table 1. The influence of the concentration of conidia in the inoculum on the growth 
inhibition produced by caffeine. 


The extinction values, Z, were calculated according to the formula, Z=(ey—ep) 103, 
where eo represents the extinction of the culture immediately after inoculation, ey the 
extinction after a period of incubation. 

Each value represents the average of two identically arranged cultures. 


SS 
i | 
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inoculum caffeine M Re 4:12 6 | 7 5 | 6 
days of incubation days of incubation 

ee, sabe 634 | 1525 1626|1675/1791| 1802/1692) 100 100 

ER 7,5 X10—3 | 92 | 168| 214| 241] 303| 411| 454 17 23 

en, _ 98 | 1428 | 1737 |1658 1856 |1834 | 1704| 100 100 

ur. 7610-8 | — | 5 16! 23] $0} 49] 62 1 3 


was obtained. Adenine alone had no effect on growth even in the strongest 
concentrations tested. 

The results confirmed the previous observations in Neurospora that the 
inhibition of growth produced by caffeine can be partly reversed by equimolar 
concentrations of adenine (Table 3). 

If caffeine inhibits growth because it »is similar enough structurally» to 
metabolites of purine nature »to fit the enzyme system responsible for the 
metabolism of the metabolite» (Kidder and Dewey 1949), a reversal of growth 
inhibition is to be expected after the addition of purine metabolites, but 
not after the addition of compounds, which are structurally unrelated to 
caffeine. 

In the Neurospora experiments it had already been found that hypoxan- 
thine and to a lesser extent adenosine had a similar effect as adenine, a finding 


Table 2. The ability of adenine to release the caffeine inhibition of conidial growth in 
Ophiostoma. 


Each value represents the average of two identically arranged cultures. 
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Table 3. The effect of various concentrations of adenine on the caffeine inhibition of 
hyphal growth in Neurospora crassa. 


Each value represents the average of three identically arranged cultures. 
III nn 


Conc. of Conc. of | Maximal hyphal length in cm after Growth in % of 
caffeine adenine —- control after 
MX10-4 MX10-4 11/2 | 2 | 2 1/2 3 | 3 1/2 | 4 41/2 41/2 days 
days of incubation 
— -_ 3.7.1 .7:3.1.11.11.14.81518:.65,. 2272772621 100 | 
| 80 — 1311830 5.11 7.61 10.2) 12.4) 14.8 56.7 | 
| 80 50 2.2 | “4.6 7.2| 9.9) 12.5) 15.3 | 18.3 70.1 \ 
80 100 21.1248 7.6| 10.6 | 13.6 | 16.7 | 20.1 76.6 
80 150 1.8 | 4.6 7.6 | 10.7 | 14.0 | 17.2 | 20.4 78.2 
80 200 2.5 | 5.1 | 8.4] 11.6] 14.7 | 17.8] 21.0 | 80.5 | 


which is in agreement with the antimetabolite hypothesis. In order to test 
the validity of this hypothesis further, a considerable number of compounds 
were tested for their ability to reverse the inhibition of conidial growth 
produced by 75X 10 M of caffeine. Some of these compounds were structur- 
ally related to caffeine, but most of them were not. 

Of the compounds tested, uracil, histidine, alanine, and proline had no 
effect on the inhibition in concentrations up to twice that of caffeine. The 
vitamins, thiamine, lactoflavin and folic acid, were tested in concentrations 
up to 0.30 10%, 1.50X 10? and 2510-4 M, respectively, without obtaining 
any effect on the caffeine inhibition. Similarly a mixture of several vitamins 
in physiological concentrations was without effect. The vitamin mixture had 
the following composition per tube (10 ml.): inositol 115 ug, thiamine 10 ug, 
pyridoxine 10 ug, niacin 10 ug, folic acid 2.5 ug, vitamin B,, 0.5 ug, lactoflavin 
20 ug, pantothenic acid 15 ug, p-aminobenzoic acid 20 ug, and biotin 2.5 ug. 
1,3,7,9-Tetramethyluric acid, theophylline, phenylalanine, and sodium 
salicylate proved to be inhibitors in themselves in concentrations equimolar 
to and/or twice that of caffeine and increased the caffeine-inhibition. In 
similar concentrations glycerol, glutamic acid, adipic acid, leucine, and 
guanosine had no effect on conidial growth of Ophiostoma, but nevertheless 
increased the caffeine-inhibition. The effect of leucine alone and in combina- 
tion with caffeine appears from Figure 1. 

Of the remaining three compounds tested, aniline (Figure 1) slightly 
inhibited growth in the absence of caffeine, whereas tryptophane and pro- 
caine were practically without effect. But in contrast to the other compounds 
tested aniline, tryptophane, and procaine were able to reverse the growth 
inhibiting effect of caffeine. 

As appears from Figure 2, the antagonistic effect of tryptophane is of the 
same magnitude as that of adenine, whereas the other two compounds are 
somewhat less effective. In combination experiments the antagonistic effect 
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Figure 1. The effect of various compounds alone and in combination with caffeine on the 
conidial growth of Ophiostoma. Concentration of caffeine 75 X10—4 M, of others 150 10—4 M. 


of 75X10~* M of adenine plus 75 X10~* M of tryptophane was stronger than 
that of the compounds alone in these concentrations, but weaker than the 
effect of adenine or tryptophane in concentrations of 150<10~* M. A complete 
reversal of the caffeine-inhibition could no more be obtained with a mixture 
of antagonists than with the antagonists taken separately. This indicates that 
the antagonists, irrespective of their different structure, are acting on the 
same system. 

The fact that procaine proved able to reverse the growth inhibiting effect 
of caffeine is particularly interesting, because this compound is previously 
known as a caffeine antagonist. If the stripped leg of a frog is immersed into 
a Ringer solution containing 0.2 per cent of caffeine, rigor is produced as 
well as a far reaching destruction of the structural elements of the muscles. 
However, if the Ringer solution in addition to caffeine contains procaine in 
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Figure 2. The influence of adenine, tryptophane and procaine on the caffeine induced inhibi- 
tion of conidial growth of Ophiostoma. Concentration of caffeine 75X10—* M, of anta- 
gonists 150Xi0—* M. 


an equimolar concentration, the condition and structure of the muscles are 
not altered (Schuller, 1925 b). Schuller (1925 a) explains the procaine-caffeine 
antagonism as due to an extracellular formation of a molecular compound 
between caffeine and procaine, whereas Zipf (1929) is of the opinion that 


procaine displaces caffeine on such intracellular surfaces — not necessarily 
enzyme surfaces — where the caffeine-sensitive reactions are assumed 


to occur. 


It seems quite possible to us, that the caffeine-procaine antagonism in the 
case of growth inhibition is due to a similar interaction between the two 
compounds as that underlying the antagonism in the case of muscle rigor. 
On the other hand we have no reason to believe that procaine in the 
Ophiostoma experiments should act differently from the other three antago- 
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nists to the caffeine-inhibition of growth, viz., adenine, tryptophane, and 
aniline, 

In any case it is clear, that whatever the explanation of the caffeine- 
inhibition of growth may be, nothing indicates that it should be due to a 
competition between caffeine and purine metabolites for purine specific 
enzymes. In the present investigation several compounds were found both 
to increase and to decrease the caffeine-inhibition. Purine compounds were 
represented among both types and held no unique position. (There exists, 
however, a similarity between the antagonists, which perhaps is significant: 
they are all cyclic compounds of basic and aromatic character.) 

It may be concluded from our experiments, that the mere fact that the 
inhibition produced by a compound can be released by a structurally related 
metabolite, does not prove that the inhibitor is an antimetabolite before it 
has been shown that the metabolite in question does not share the antagonis- 
ing capacity with such compounds as are structurally (and physiologically) 
unrelated to the inhibitor. Caution seems particularly justified when the 
effective concentration equals that of the inhibitor, 

According to our opinion, these viewpoints may also bear upon various 
other cases, where purine metabolites have been found to counteract the 
biological effects of caffeine (e.g. Kidder and Dewey 1949, Novick and Szilard 
1952). In spite of the antagonistic effects of purine metabolites, there may be 
other explanations of the inhibitory action of methyl xanthines than that 
of a competition with the essential purine metabolites at enzyme surfaces. 


Summary 


Caffeine in concentrations above 75X10* M completely inhibits conidial 
growth of the ascomycete Ophiostoma multiannulatum. In agreement with 
previous observations in other organisms a partial reversal of this inhibition 
was obtained with equimolar concentrations of adenine. Since it was shown 
that tryptophane, aniline, and procaine are also able to counteract the 
caffeine inhibition, this inhibition must not necessarily be due to a competi- 
tion between caffeine and purine metabolites for purine specific enzymes. 
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Introduction 


Investigations concerning the respiration of fat-storing seeds and fruits 
have shown that during the period of fat formation the respiratory quotient 
is well above one. Gerber (5) measured the RQ-value of maturing flax seeds 
immediately before ripening and found the average for six seeds to be 1.22. 
Burr and Miller (2) in their investigation of the castor fruit made records 
of RQ-values from pollination to ripening. The highest respiratory quotients 
were found during the period of most rapid fat formation. 

Determinations of RQ-values supplemented by chemical investigations have 
shown that fat is synthesized in the seed or fruit itself. It is now generally 
considered that an oxygen-rich precursor such as carbohydrate is transformed 
into fat. This process is supposed to be attended by the evolution of excess 
CO, resulting in a respiratory quotient higher than one. 

Although flax seeds have occasionally been employed in respiratory studies, 
data concerning the gas exchange before maturity are scanty. Likewise we 
know little about the influence of temperature on the respiratory activity of 
both maturing and germinating flax. Since the magnitude of the respiratory 
quotient to some extent depends upon fat metabolism, measurements of the 
gas exchange of developing flax seeds in relation to temperature may convey 
useful information as to the possible effect of temperature upon fat synthesis. 
Although conclusive results can only be obtained by a combination of physio- 
logical and chemical investigations, such measurements may give valuable 
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indications for further work on this subject. The respiration of immature 
seeds is discussed below, whereas data concerning the respiration of germinat- 
ing seeds and young seedlings will be delt with in a second paper. 


Methods and Material 


The apparatus described in the present paper has been called a multithermostat. 
It is a water-thermostat system which makes it possible to obtain any desired physio- 
logical temperature in six simultaneously and independantly working sections for 
experimental periods of days or weeks. It is primarily designed for the study of gas 
exchange at different temperatures with Warburg instruments, but the application 
may be extended to many other investigations requiring a rigid temperature control. 

The water-bath system is a combination of six copper containers, each with a 
volum of about 40 1. To obtain temperatures in the water baths below room tem- 
perature a refrigerator is installed adjacent to the baths. The refrigerator tank con- 
tains 30 per cent alcohol which is kept below 0° C by expansion coils of a 1-HP 
Freon compressor. A pipe system connects the refrigerator tank to the different 
sections of the multithermostat, the alcohol being continuously pumped through 
the pipes by an electric circulating pump. In each water bath the alcohol passes 
through copper coils immersed in the water to be chilled. Each section is supplied 
with an automatic thermostat system, consisting of a 70-watt heater, an adjustable 
contact thermometer and a mercury relay. A uniform distribution of the heat by water 
circulation is obtained by a stirrer. Measurements of temperature differences in the 
water baths showed a maximum temperature differential of 0.04° C. during testing 
periods of one to two hours, when readings were taken every half minute. 

In order to study the gas exchange of seeds in the multithermostat, a series of 
modified Warburg respirometers was constructed. 

A picture of the detachable respirometer flask is given in Figure 1. The eylindrical 
flask has a volume of about 22 ml and has neither sidearm nor centre well for alkali. 
For the absorbtion of carbon dioxide 1 ml. of 3 per cent sodium hydroxide was 
added to the flask. The sample to be tested was placed on a perspex disc with about 
one hundred perforations. The disc was held by four indentations in the glass wall. 
The manner of fixing the respirometers in operating position on shaking panels was 
adapted from an original Warburg apparatus, but continuous shaking was not 
applied in the experiments reported here. The reliability of this method was tested 
by measuring the oxygen uptake of varying numbers of immature flax seeds at a 
constant temperature. Samples from 10 to 40 seeds were examined and a linear 
relationship was obtained between oxygen uptake and number of seeds. The same 
result was reproduced when the seeds were placed in the bottom of the flasks and 
a scrap of filter paper, moistened with alkali, on the perspex disc. From these ex- 
periments it was concluded that no significant obstacle existed to the diffusion of 
carbon dioxide from the seeds to the absorbent when up to 40 flax seeds or an 
equivalent sample were used, corresponding to an oxygen uptake of about 0.4 ml. 
per hour. 

The respirometer flasks were carefully calibrated with mercury, and the gas 
evolved or absorbed was calculated according to standard manometric formulae (9). 
The volume of the seed material was then added to the volume of the fluid phase 
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Figure 1. Respirometer flask. 


of the flask system. Owing to the high water content of both immature and 
germinating flax seeds, the fresh weight was found to give a proper approximation 
to the seed volume. 

In this paper the results are stated in ul. of gas absorbed or evolved per 10 seeds. 
As emphasized by Brown (1) the use of other standards, such as dry weight or 
fresh weight ought to be avoided in the case of developing seeds. Due to important 
changes in both fresh and dry weight during seed maturation and germination it is 
evident that the weight is not a satisfactory basis of comparison. When the seed 
number is used as a standard of reference and a uniform seed material is selected, 
the resulting data illustrate the development of the seed and the respiratory changes 
which take place, in a more satisfactory way. In the experiments with capsules, the 
calculated data apply to individual capsules, each normally containing 10 seeds, 
although the measurements were made with larger samples. 

The plant material used in this study was an oil variety (Valuta) of Linum usita- 
tissimum, obtained from Sveriges Utsädesförening, Svalöf. Flax plants were grown 
in an experimental field of oil plants at Överland, Bærum, where immature seeds 
were collected. In order to obtain seeds of a uniform age flowers were tagged during 
early blooming by woolen yarn tied around the flower pedicel. This method was 
used by Dillman (3) in his investigation concerning the daily growth and oil content 
of flax. Both in 1951 and 1952, when, our experiments were performed, flowering 
started in the latter part of July. 

At different stages of development a number of capsules of known age was 
collected from tagged pedicels, additional material being taken from untagged 
pedicels where the capsules appeared to be of the same age as the tagged ones, 
judged by size and colour. The seeds were then removed gently from the capsules, 


Table 1, Variations in fresh and dry weights, moisture content, and seed colour of flax 
seeds and capsules at different stages of development. Average values of 8 duplicate samples. 


Days after Fresh weight | Dry weight | Moisture 
fiowering Seed colour |10 seeds 1 capsule 10 seeds 1 capsule! 10 seeds |1 capsule 
1952 | mg mg | mg mg | per cent | per cent 
| | | | 
19 WIITE-ETEEN vr nennen | 1232 | 2261 29.4 |! RB 
25 rer ee 1236.) 2493) 439.2 66.4 | 67.8 TA M 
32 green, hilum yellow 123.5 230.9 47.6 | 74.4 61.5 67.9 
41 green-yellow ......... 119 222.4 63.4 80.4 47.0 63.8 
46 yellow, light brown 124.4 228.8 70.2 84.9 43.6 62.9 
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injured seeds being rejected. A new selection based upon the colour of the seeds 
was performed prior to the weighing and respiration analysis. During ripening the 
colour changed from white to green, yellow and finally brown. (Table 1) Precautions 
were always taken to prevent infection of the seed material. 1 

Samples of 10 to 30 seeds were used in the experiments, and the manometric 
records were started after an adaptation period in the water baths of about 2 hours. 
The data reported here were usually calculated from measurements made over a 
period of 8 hours. 


Results 


In the experiments carried out in 1951 six different temperatures from 
0° C to 25° C were used, but in 1952 the two extreme levels were dropped. 
Observations of the gas exchange were made a) on flax seeds which were 
removed from the capsules, and b) on intact capsules detached from the 
pedicel. 

The rates of oxygen consumption and carbon dioxide production of seeds 
during the first 8—10 hours after removal from the capsules are shown gra- 
phically in Figures 2 and 3. The corresponding RQ-values are given in Tables 
2 and 3. An examination of these data shows that both the rate, and the value 
of the respiratory quotient depend on temperature. The RQ-values measured 
at 0° C (Table 2) approached one at three different stages of development : 
and were distinctly different from the quotients recorded at higher 
temperatures. With increasing temperature the RQ-values increased up to 
about 1.60. 

At the lower temperatures the respiratory quotient remained approximately 
constant during the experimental period, whereas a marked decrease was 
observed at 20° and 25° C. (Tables 2 and 3). In some experiments the RQ 
even fell below 0.8, as is also the case in fat-containing seeds during germina- 
tion. The respiration curves plotted in Figures 2 and 3 show that the gradual 
fall of RQ at the higher temperatures was mainly related to a decrease in 
the’ carbon dioxide evolution, the changes in oxygen absorption being less 
pronounced. 

The RQ-values observed in 1952 were somewhat higher than those from 
the preceding year, at corresponding stages of development. Respiratory 
studies of flax capsules were performed in 1952 at four different temperatures 
from 5° to 20° C. The observed RQ-values from the different stages of 
maturity are given in Table 4, and the rate of gas exchange during one of the 
experiments (25 days after flowering) is plotted in Figure 4. A comparison 
of the data in Tables 3 and 4 shows that the capsule series gave lower 
RQ-values. This is further illustrated in Figure 5, where the average 
RQ-values of seeds and of capsules from two different stages of development 
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< 
Figure 2. Respiration rate of © 
immature flax seeds measured > 10 
19 days after flowering (1951). 


have been plotted against temperature. The difference is most probably due 
to the respiration of the pericarp tissues having a lower RQ-value (about one) 
than the seeds during fat synthesis. 

At an early stage of maturation (25 days after flowering) the RQ of capsules 
decreased significantly when the temperature was lowered from 15° to 5° C. 
Because of the relatively short periods of observation the decrease of RQ 
might possibly be ascribed to accumulation of carbon dioxide in the sappy 
pericarp tissue at the lower temperature. When the pericarp became woody 
with increasing degree of maturation, this effect probably was of minor 
importance. The effects of higher temperatures were similar to those de- 
scribed above for the seed experiments. 

For a comparison of the respiratory activity at different stages of matura- 
tion, calculations were based upon the observations at 15° C. Table 5 shows 


Table 2. Respiratory quotients of immature flax seeds at different temperatures and stages 
of maturation. 


Bee | Ex >erimental | | = 5 | 
flowering | PC | oc. | sec. | 100 | 15°C. | 20°C. | 25°C 
1951 | period hrs. | | | 
| | | 
| 2 | 1.20 1.26 1.27 1.31 1.25 1.25 
| 4 1.03 1.13 1.26 1.25 1.16 1.15 
13 | 6 1.05 1.22 1.31 1.24 1.16 1.09 
| 8 1.00 | 125 | 1.26 1.19 1.14 1.05 
| | 2 0.93 | 1.22 1.14 1.31 1.36 1.09 
| 7 4 0.92 1.29 1.20 1.25 1.31 1.06 
a 6 1.00 1.37 1.13, 1,21 1.26 1.02 
| 8 0.98 1.36 1.09 1.14 1.23 0.99 
2 “ _ 1.06 1.00 106 ei. 
| 4 1.06 0.99 1.02 0.85 0.95 0.81 
BS 6 = = 0.80 | 0.83 | 082 | 0.75 
8 1.03 0.98 oof 200,720)" 081 | 0:71 
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Figure 3. Respiration rate of 
immature flax seeds measured 
25 days after flowering (1952). 
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both the RQ, the rate of carbon dioxide production and the excess carbon 
dioxide of seeds and of capsules at different stages after flowering. It 
appears that the RQ increased from the 19th to the 25th day, reaching a 
maximum value of 1.50 for the seeds and 1.31 for the capsules. During the 


Table 3. Respiratory quotients of immature flax seeds at different temperatures and stages 
of development. Average values of 3 duplicate samples. 


Days after Experimental ce or | 
rind 1952 ER hrs. er | are ofa ae | 

2 1.22 1.26 1.31 1.35 

. | 3 1.21 1.27 Er = 

‘ 4 1.22 1.22 1.29 1.29 

| 6 1.18 1.23 1.27 | 1.30 

2 1.51 1.51 1.55 1.43 

| 3 1.52 1.52 a 1.33 

25 4 1.43 1.50 1.44 1.32 

| 6 1.50 1.49 1.41 1.27 

8 1.51 1.46 1.42 1.25 

» 1.32 1.53 1.36 1.55 

| 3 Lai 1.60 1.43 1.50 

32 4 | 1.36 1.52 1.40 | 1.45 

| 6 | 1.31 1.49 1.39 1.30 

| 8 1.41 1.47 1.39 1.34 

| 9 1.37 1.58 1.57 | 1.46 
| 3 1.43 1.36 1.52 | 1.40 | 

41 4 1.32 1.47 1.55 1.33 

| 6 1.34 1.45 1.50 1.24 

8 1.40 1.40 1.36 — 

2 1.29 1.41 1.25 1.12 

| 3 1.28 1.28 1.32 1.05 

46 4 1.29 1.39 123 0.99 

| | 6 1.30 1.38 1.22 0.95 

8 | 1.29 1.36 1.20 0.90 
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Figure 4. Respiration rate of 
immature flax capsules mea- 
sured 25 days after flowering 
(1952). 
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subsequent 16 days only slight deviations from these values were observed, 
but 46 days after flowering the RQ of both seeds and capsules decreased signi- 
ficantly. The changes in carbon dioxide production did not correspond to 
the RQ-variations. A maximum was observed 25 days after flowering, and 


Table 4. Respiratory quotients of flax capsules at different temperatures and stages of 


development. 

Days after | Experimental | ee Au | A | À | 
flowering 1952 Re hrs. | = ZZ | AS | 20°C. | 

2 1.03 1.00 1.16 | 1.10 

19 | 4 1.02 1.06 _ | = 

6 1.03 1.03 1.16 | 1.08 

| 8 1.03 1.04 1.13 | 1.09 

2 1.16 1.16 1.32 1.26 

| 3 1.17 147 | 1.32 1.22 

25 4 | 1.12 1.24 1.30 | 1.20 

| 6 | 1.13 1.22 1.26 1.18 

8 1.16 1.24 1.29 1.16 

2 1.12 1.34 1.24 | 1.20 

| 3 1.13 = 103 1.21 

32 4 1.13 1.30 | 1.32 1.25 

| 6 1.11 1.26 | 1.27 1.22 

8 | 1.10 1.33 | 593 1.20 

2 | 1.31 1.48 | 1.35 1.29 

| 3 | 1.23 1.38 1.33 1.24 

41 4 | 1.25 1-41 1.26 1.19 

| 6 1.27 1.32 1.21 1,15 

| 8 | = 1.23 1.19 1.10 

2 1.27 1.25 1.17 1.17 

| 3 1.21 1.20 1.18 1.18 

46 | 4 1.19 1.16 1.15 1413 

| | 6 1.13 1.13 1.09 1.12 

| 8 1.14 1.10 1.07 1.05 
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Figure 5. Respiratory quotients 
of flax seeds and capsules at 
different temperatures. Average 
values for the first 4 hours of 
observation. Fully drawn lines: 
seeds, broken lines: capsules. 
I: 25 days after flowering, II: 46 
days after flowering. 


Table 5. Respiratory drift of flax seeds and capsules during development. Average values 
from the first 4 hours of observation. CO2 output and excess COzg given as ul per hour 
per 10 seeds or per capsule. Temperature 15° C. 


Er 


| Das after Seeds Capsules 
[ones 2 RQ | CO, output | Excess CO, RQ | CO, output _ Excess CO, 
| | 

19 1.30 49 11 1.16 51 7 

25 1.50 64 21 1.31 66 16 

32 1.40 56 16 1.26 60 pie 

41 1.55 32 11 1.31 48 11 

46 1:27 21 5 1:17 39 | 6 


then the rate fell gradually. From Table 1 it will be seen that 46 days after 
flowering the seeds were still unripe and had a high water content, and 
that the dry weight was still increasing. 


Discussion 


The significance of the respiratory quotient is not quite evident in the case 
of maturing fat-storing seeds. It seems to be fairly well established that 
essentially fat synthesis takes place by condensation reactions between inter- 
mediates in carbohydrate breakdown, coupled with complete oxydation of 
such intermediates through the Krebs cycle. Hence, factors which affect the 
quantitative balance between condensation and combustion must have a 
corresponding influence on the magnitude of the respiratory quotient. For 
this reason it is not possible to estimate a definite theoretical RQ-value, as 
in Ihe case of germinating seeds. 

An important feature of the present results is the low respiratory quotients 
which were observed at 0 C., indicating a strong depression of fat formation 
and a predominance of sugar respiration at this temperature. The pronounced 
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increase of RQ when the temperature is raised to 5° C. indicates a stimulation 
of the fat synthesis, the change being too great to be caused by changes in 
the accumulation of gases in the tissues. Apparently, therefore, the minimum 
temperature of fat synthesis in flax seeds lies somewhere between 0° and 5° C. 

The highest RQ-values of both seeds and capsules were observed at the 
intermediate temperatures, and accordingly it might be suggested that an 
optimum temperature for fat synthesis exists somewhere between 10° and 
20° C. However, the lowering of RQ at higher temperatures need not neces- 
sarily indicate a decrease in the rate of the synthetic process per se, because 
other temperature effects may interfere. In particular the possibility must 
be taken into account that a depletion of the carbohydrate reserves of the 
seeds results in fat respiration. The falling-off of the respiratory quo- 
tients after a few hours at the higher temperatures, which is apparent 
from our diagrams and tables, indicate a comparatively rapid exhaus- 
tion of these reserves. We know that fat combustion takes place during 
normal germination of flax, and Dillman (3) has demonstrated that 
even immature flax seeds may show a high percentage of germination when 
placed on moist filter paper. It is likely that the oxidation of fat does not 
start until most of the carbohydrates have been consumed. The sugar content 
of flax seeds during maturation has been studied by Ivanov (6) who found 
that at an early stage the total amount of sugars did not exceed 5 °/o of the 
dry weight. Later the sugar content decreased. From the present data it may 
be calculated that at 25° C a sugar content of 5 °/o would last for about 15 
hours of respiration, neglecting the simultaneous fat synthesis. 

Thus it seems probable that fat synthesis continued for some hours after 
the seeds or capsules were detached from the plant and was then substituted 
by fat combustion. The high RQ-values observed for several hours at inter- 
mediate temperatures may be considered to indicate an economic optimum 
temperature for fat production possibly at about 15° C. 

It has been reported that a temperate or cold climate is more favourable 
for the formation of unsaturated fatty acids than a tropical one. Thus, it has 
been observed that flax cultivated in northern regions yields an oil with a 
higher iodine number than oil from more tropic regions. (Ivanov 7, Painter 
et al. 8) This difference is supposed to be related to the temperature, 
although a satisfactory explanation of the possible effect of temperature 
upon the unsaturation of fatty acids is lacking. 

It might be suspected that a fat respiration, similar to that indicated by 
the present results, may occasionally occur in the field if the sugars of the 
immature seeds happen to be temporarily exhausted. This might particularly 
occur when flax is cultivated in a warm climate with a short daylength, 
where the respiration loss is high. If the unsaturated acids are preferentially 
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utilized, as they apparently are during germination (6), this would lower 
the degree of unsaturation, giving the oil a lower iodine number than oils 
from a colder climate. 

Studies concerning the RQ-changes during maturation of fat-storing seeds 
have shown that the highest RQ-values are observed during the period of 
most rapid fat formation (2). Many authors have reported that the oil forma- 
tion proceeds at an extraordinarily rapid rate for a short period during the 
development of the fruit or seed (4). In the present experiments the highest 
RQ-values were observed between the 25th and the 41st day after flowering, 
this interval apparently indicating the period of most rapid fat formation 
(Table 5). However, it is obvious that the respiratory quotient alone is not 
an adequate measure of the intensity of fat formation. If the fat synthesis 
from the carbohydrates is attended by the evolution of excess CO,, it is 
evident that the difference between carbon dioxide evolution and oxygen 
consumption has to be considered also. Strong fat formation may be assumed 
to depend upon a rapid rate of respiration. From Table 5 it may then be 
concluded that there was a maximum intensity of fat synthesis about 25 days 
after flowering. At that time the seeds were green and had a high water 
content. The unchanged RQ-values but lowered respiratory activity 41 days 
after flowering suggest that carbohydrates were still converted into fats, 
but that both sugar oxidation and fat synthesis were markedly retarded. 


Summary 


(1) — An apparatus for measuring the gas exchange of plant material 
at different temperatures was constructed. 

(2) — The oxygen consumption and carbon dioxide production of detached 
immature flax seeds and capsules were examined at temperature levels 
between 0 and 25° C at different stages of development. 

(3) —At0 C the RQ-values of seeds were found to be near one, suggesting 
that fat synthesis was strongly restricted at this temperature. At the other 
temperatures RQ reached values well above one. The quotients were higher 
for seeds than for capsules. 

(4) — A constant respiratory activity for several hours was maintained at 
intermediate and lower temperatures only. At higher temperatures the 
RQ-values normally decreased after a few hours, apparently due to exhaustion 
of carbohydrates and a change to fat respiration. 

(5) — Developmental changes in the RQ-values were less pronounced 
than the changes in respiration intensity. The period of the highest respiratory 
activity 1s supposed to coincide with the period of most rapid fat formation. 
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The present investigation was carried out at the Botanical Laboratory of Oslo 


University. The author is indebted to Professor G. Alvik for the use of laboratory 
facilities and for his interest in this work. 


The multithermostat was designed by Professor G. Älvik and constructed at the 


expense of the Norwegian Research Council for Science and the Humanities, to which 
the author is also indebted for a research fellowship. 


Flax plants were collected from an experimental field of oil plants at Overland, 


Berum, for which thanks are due to Mr. Ivar Orud, The Royal Agricultural Society 
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On the Nature of Photoperiodie Induction 


Ill. The Summation of the Effects of Inductive 
Photoperiodic Cycles 
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It is clear from what has been reported in the first two papers of this series 
(Carr, 1953, I & II) that summation of the effects of inductive photoperiodic 
treatments applied to the leaves of herbaceous plants takes place in the shoot 
apex. Considerable interest, therefore, attaches to the persistence within the 
shoot apical meristem of the effects of photoperiodic treatments which are 
not in themselves sufficient to bring about the transition to flowering, i.e. 
sub-threshold photoperiodic stimuli, and to the effects of non-inductive con- 
ditions on the survival of such stimuli. For certain long-day and short-day 
plants it has been shown that the effects of non-consecutive photoperiodic 
treatments may be summated, and that interpolated non-inductive cycles have 
little or no effect on summation, Lang (1952) denies the possibility of summa- 
tion in short-day plants, and states that »fractional induction is only possible 
in long-day plants», but this generalisation, as will be seen from the review 
and experimental results here reported, is too sweeping. On the other hand, 
summation appears to be possible only when some irreversible stage of 
induction has been reached, or when the number of interpolated non-inductive 
cycles is small enough to permit sub-threshold inductive effects to persist. 


Summation in long-day plants 


It has been shown by Naylor (1941) that groups of three consecutive long-day 
cycles separated by groups of three consecutive short-day cycles are net summated 
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in annual beet and do not cause flowering. In Hamner’s (1940) experiments on the 
same plant, long-day treatments were given in groups of 10 consecutive cycles and 
summation took place, even when these periods of induction were ‘separated by 
16 short days. According to Naylor, 13 consecutive long days are required for the 
induction of flowering in annual beet. In that case, a single group of 10 inductive 
cycles is probably sufficient to bring about an irreversible, but sub-threshold, change, 
and even two or three inductive cycles given at a later date may sufficiently augment 
this change to such a degree that flowering will take place. In Naylor's experiments 
flowering did not occur with repetition of a regime consisting of a long day or 
24 hours of light, followed by a short day or 24 hours of darkness. In annual beet 
the inductive effect of a long day is, therefore, completely lost in a succeeding long 
dark period or short day. Lang and Melchers (1943) have shown that 3 days of con- 
tinuous light produce an irreversible induction in annual Hyoscyamus niger, and that 
this period is the minimum required for flower initiation. Interpolation of up to 
10 short days between successive groups of 3 long days does not prevent summation. 
Rupcheva (1948 b) claims that the flowering of Anethum graveolens and spinach, 
both long-day plants, is not affected very much by alternation of short days with 
long days, but that the flowering of other long-day plants (oats, Carthamus tincto- 
rius) is markedly postponed. Garner and Allard (1913) found that the long-day plant, 
Impatiens Balsaminea, flowers as rapidly with alternating short-days (10 hour photo- 
periods) and natural long days, as with consecutive long days. Samygin (1948 b), 
working with Rudbeckia bicolor, used light of different intensities in the intercalated 
short days. With light of 7 ft. candles during the 10-hour short photoperiods, 
flowering was not much delayed with alternations of one long day and either one or 
two short days, as compared with controls in long days. There was a considerable 
delay with sunlight during the short photoperiods, and no flowering occurred with 
single long days alternating with 2 short days at this high light intensity. Nor did 
flowering occur under the short days alone at either light intensity, showing that the 
short photoperiods used were, in fact, non-inductive for this plant. This suggests that 
the inhibitory effect of intercalated short days (with a long-day plant) is connected 
with high light intensity during the photoperiod. Melchers and Lang (1948) reached 
the opposite conclusion, namely, that interruption of induction must be the more 
inhibitory the longer the dark periods in the intercalated cycles. This is not com- 
patible with the results of Claes and Lang’s experiments, in which summation took 
place, in Hyoscyamus niger, of consecutive cycles of 7 hours of light and 41 hours of 
darkness. 

It is of interest in this connection that in the long-day plant, Urtica pilulifera, 
leaves kept in the dark or in short days with 8- or 10-hour photoperiods are antago- 
nistic to the action of leaves kept in long days, but leaves kept in short days with 
from 1- to 3-hour photoperiods are not antagonistic (Lona, 1947 b). The suggestion 
may be made that the decline in induction which takes place in non-inductive cycles 
following an inductive cycle is in some way connected with the production of some 
substance antagonistic to flowering, which is not formed in photoperiods of low light 
intensity or of very short duration. 


Summation in short-day plants 


Garner and Allard (1931) carried out some long-term experiments using short-day 
plants, treating them with alternate short days (10-hour photoperiods) and long days 
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(natural daylength of the summer, in Washington). In all cases flowering was greatly 
hastened as compared with controls under natural daylength throughout. For in- 
stance, Perilla ocymoides flowered in 55 days as compared with 84 days for the con- 
trols; Cosmos flowered in 68 days as compared with 113 days, and Biloxi soybean 
flowered in 42 days as compared with 72 days. In Long’s (1939) experiments on 
Biloxi soybean the plants did not flower with one or with two consecutive short days, 
but all plants treated with 4 or more consecutive short days produced some flower 
primordia. The experiments appear to have been conducted with very young plants. 
Occasionally, older plants flowered with only two short days. As a result of experi- 
ments in which one or two short days were given, followed by a number (up to 20) 
of long days, and then a further number (up to 5) of short days, Long concluded that 
the effects of one or of two short days do not persist over even as few as 5 long days. 
In another experiment in which two short days were given, followed by 10X (1+1), 
10 (1+2) ete. up to 10X (1+5) treatments, i.e. in each case 10 single short days 
with up to 5 long days in between each short day, no flowering was obtained. Thus, 
the effect of a single short day did not persist over a period of 24 hours. Finally, 
Long used treatments in which induction by 6 short days was followed, after 10 or 20 
long days, by a further 1 to 9 short days. In this experiment all his plants flowered, 
and the total number of flowers per plant was counted. It was found that the number 
of flower primordia produced as a result of two separate treatments with short days 
was equal to the sum of the numbers produced by each treatment separately. Thus, 
in Biloxi soybean, two inductive treatments with more than 4 consecutive short days 
act independently and additively if separated by one or more long days, but the pro- 
ducts of sub-threshold stimuli (less than 4 consecutive short days, in Long’s experi- 
ments) are not summated into effective stimuli. According to Hausschild (quoted by 
Lang, 1949) alternations of short and long days do not produce flowering in Kalan- 
choe Blossfeldiana, and even with alternations of 2 short days with one long day 
there is some delay as compared with plants in continuous short days. Westphal 
(also quoted by Lang) found that there was some delay with alternations of 4 short 
and 6 long days, whereas alternations of 7 short and 7 long days, or 14 short and 
14 long days resulted in more rapid flowering than continuous shortday treatment. 
It can also be deduced from data given by Harder and Gümmer (1949) that flowering 
does not occur in Kalanchoe with alternations of single short days and single long 
days. Rupcheva’s (1948 b) experiments on Perilla confirmed Garner and Allard’s re- 
sult, that flowering does take place, although with some delay,, in a regime of alter- 
nating long and short days, and also in a regime of alternations of 2 short days and 
2 long days. No flowering occurred in alternations of 3 short days and 3 days of con- 
tinuous light, or 2 short days and 2 days of continuous light, but there was good 
summation in alternations of 3 short days and 3 days of continuous darkness. 
Chrysanthemum behaved in a similar manner. Potapenko (1947) found that in Bidens 
tripartitus summation was quite effective with alternations of (1+1), (1+2) and 
(1+3), where the first figure indicates a short day, the second figure a number of 
intercalated long days (17-hour photoperiods) (Figure 1). 

Post experimented on the Goldsmith variety of Chrysanthemum morifolium and 
found (1950) that 4 consecutive short-day cycles are sufficient to induce flowering, 
but that if a long day is intercalated between the last two short-day cycles flowering 
does not oceur. This may be interpreted to mean that four consecutive cycles are re- 
quired for threshold induction, and that the effect of three cycles is sufficientl, 
diminished by a single long day to prevent the attainment of the threshold. Samygin 
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Figure 1. Bidens tripartitus. Summation of induc- 
tive effects of single short days, according to data 
from Potapenko, 1947. Note: the curve in this and 
those in the other figures indicate trends but not 
intermediate values, since fractions of long days 
are inadmissible. 


DAYS TO FLOWERING (25% LEVEL) 


0 1 2 3 
NUMBER OF INTERCALATED 
LONG DAYS 


(1948 b) found that summation in alternations of (1+1) and (1+2) (notation as 
above) with Perilla is not affected by the light intensity during the non-inductive 
photoperiods. This is in contrast with the light intensity effects found with long-day 
plants. 

Summation is to be expected in Xanthium pennsylvanicum, since each separate 
short-day cycle produces an inductive effect which is above the threshold value. 
Summation in alternations of (1+2) has been tested by Roberts (1951), and it has 
been found that there is little increase in certain flowering responses when more than 
4 repetitions of such treatment are applied (i.e. a total of 4 short days). By depressing 
the temperature in the dark period to 4.4° C. Long (1939) found that 8 consecutive 
short days are then required for induction of flowering in Xanthium. This enables 
summation to be tested more easily, since each short-day cycle is then well below the 
threshold for induction. The results of Long’s experiments show that the residual 
effect of 4 consecutive long dark periods at 4.4~ C. persists over a long photoperiod 
at 21° C., but not over two such long photoperiods. Moreover, it is impossible to 
obtain flowering by extending the length öf a single dark period at 4.4 C. — periods 
of darkness up to 112 hours gave no flowering. 


Summation, then, is possible in both long-day and short-day plants. It is 
more effective in some plants than in others, but this is independent of the 
‘photoperiodic classification. It appears that the product of an inductive cycle, 
unless it reaches some threshold value and is conserved, may decay at a 
rate which is determined largely by the plant species, but is also affected by 
light and darkness, and probably also by temperature. Decay is favoured by 
conditions which may be expected to be optimally non-inductive, i.e. long 
photoperiods with short-day plants, sub-critical photoperiods at high light 
intensities with long-day plants. 


34 
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Experimental work 


From the review given above it may be seen that there have been few 
comparative experiments on summation in long-day and short-day plants, 
and that the ranges of treatments over which summation has been studied 
have generally been too narrow. The experiments reported below were carried 
out at the Melchers Abteilung of the Max-Planck Institut für Biologie in 
Tübingen, at the suggestion of Professor Melchers. Seeds of Biloxi soybean 
were obtained through the courtesy of Dr. H. A. Borthwick, U.S. Department 
of Agriculture. 


Experiment 1. Hyoscyamus niger. 


The previous work on this long-day plant (Lang and Melchers, 1943) may be sum- 
marised as follows: 


a) flowering does not follow after treatment with 2 long days; 

(b) the stimulus generated by 2 long days is retained in the plant for up to 10 days 
(short days) and can be added to another such sub-threshold stimulus so as to 
promote flowering; 

(c) the length of the light period in the intercalated short days has little effect on 
the permanence of the stimulus generated by 2 long days; 

(d) summation of stimuli resulting from single long days was not investigated, nor 
was summation of stimuli resulting from pairs of long days with more than 
10 intercalated short days; nevertheless, the conclusion was drawn that some 
stable, summatable substance is formed as a result of the action of a long day. 


In the experiment, two sets of plants were used, set A from seeds sown on 29th 
November, 1951, and'set B from seeds sown on 17th April, 1952. The older plants 
were more vigorous and had larger rootstocks than the vounger. The experimental 
treatments were begun on 11th June, 1952. Since it was desired to estimate the num- 
bers of leaves formed from the beginning of the treatments until the onset of flower- 
ing, a number of plants of each set were dissected at the outset, and their leaves, 
including primordia, removed and counted. These counts gave the following results: 


Set A 10 plants. Leaf number 38.2 42.15 ! 
Set B 12 plants. Leaf number 31.5 41.75 ! 


From the beginning of the experimental treatments records were kept of senescent 
leaves removed from the plants, and the increases in leaf number were determined by 
subtracting the respective starting number from the counts made when the plants 
were dissected, adding, of course, the number of senescent leaves removed. 
Photoperiods were given using daylight in a south-facing greenhouse, the tempera- 
ture of which was kept between 20 and 25° C. Each day the plants were brought into 
the greenhouse from the darkroom, which was kept at 21° C., at 7.30 a.m. Groups of 
plants receiving a short day were returned to the darkroom at 4.30 p.m. and groups 
receiving a long day at 11.30 p.m. Thus, in short days the plants received 9 hours 


! Standard deviations of the mean. 
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of daylight, and in long days 16 hours of light, consisting mainly of daylight with 
between 2 and 4 hours of supplementary illumination from filament lamps giving an 
intensity at plant level of 280 ft. candles. Before the experimental treatments were 
begun the plants had been cultivated since sowing in short days (9 hours). 

The following terminology will be used to describe the experimental treatments: 
6X (1+1) indicates that six long days were given, with a short day in between each 
long day. Similarly, 3X (2+ 2) indicates that three pairs of long days were given with 
two short days in between each pair of long days. The treatments used were as fol- 
lows: 6X (1+1), 4X(1+2), 6X (1+12), 3X (2+1), 3X (2+2), 3X (2+12). In addi- 
tion, other groups of plants were treated with one, two or six long days, and a con- 
trol group was kept throughout in short days. At the end of the experiment the group 
which had received one long day was given another two long days, and the group 
which had had two long days was treated with another long day, so as to bring the 
total of long days received up to three. Towards the end of the experiment, when 
four of the ten groups were still left, the others having been already dissected and 
found to be flowering, some of the plants were attacked by mites, which eat the 
contents of the rootstock but do not attack the growing point. In many cases these 
plants had to be dissected prematurely, and the number of plants in some groups at 
the end of the experiment was too small to be regarded as satisfactory. Plants which 
were either not attacked during this period or which survived the attack remained 
vigorous until the end of the experiment. The results are presented in Table 1. 


From these results it can be seen that all plants of all groups, with the 
exception of A (short-day controls), B, C and G, flowered as a result of the 
experimental treatments. One plant of group B, none of group C and only 4 
of the 14 plants in group G flowered. It is clear, therefore, that, within the 
conditions of the experiment, the stimulus generated by a long day is partially, 
if not completely, lost in an ensuing long period of short days. Lang and 
Melchers (1943) have shown that not less than three consecutive long days 
are required for induction of Hyoscyamus niger, and that induction is full 
with six consecutive long days. If the effect of a long day or of two consecutive 
long days remains permanent in the plant it is difficult to explain why at least 
some of the plants of, e.g., group K should not have flowered immediately 
after having received only four of the six long days applied. The only 
available explanation is that the effect of induction by sub-threshold stimuli 
is gradually weakened in succeeding non-inductive photoperiodic cycles. If 
we could measure the amount of delay caused by the intercalated short 
days we could obtain an estimate of this weakening or decay of the stimulus. 
Such an estimate can be obtained if we are permitted to make the assumption 
that the leaf-plastochron interval is not directly affected by sub-threshold 
stimuli. It can be calculated from the increases in leaf number over given 
times that a new leaf was formed every two days, in both sets of plants. We 
can. therefore, calculate the number of leaves formed up to the end of the 
period of induction (i.e. after the last long day). Any excess of leaves over and 
above this number will, therefore, represent the number of leaves formed 
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Table 2. Estimation of the delay in flower formation following the last long day cycle of 
the treatments listed in Table 1 (Hyoscyamus niger). 


| | 
| Total number of days A es Be Li ee | Delay in formation of 
| in induction period : le mek % flower primordia 
Group , (long days plus inter- | Een (= 2X [b—a]) | 
| __ calated short days) lite 1 Observed © to nearest day | 
Days (a) (b) Days 
Set D 6 3 5.1 4 
A E 11 5.5 5.5 0 
F 10 5 6.6 
G 66 33 (40)* (14) 
H 8 A 7.8 | if 
J 10 5 BaF 3 
| K 30 15 16.5 3 
Set D 6 | 3 6.4 il 
B E 1g | 5.5 7.25 3 
F 10 | > 8.0 6 
G/ | 66 | 33 (44) %* | (22) 
H | 8 + 71 6 
Ja 10 5 8.0 6 
K 30 15 15.9 2 | 


* 2 plants only. 
** 1 plant only. 


after the completion of the inductive treatment. Now it is commonly found 
that in photoperiodie experiments the delay in production of flower primordia 
is in proportion to the »strength» of the photoperiodic stimulus. By estimating 
the differences between the (calculated) number of leaves formed in each 
group during the inductive treatment and the actual number preceding flower 
initiation, it should be possible to demonstrate the weakening of the photo- 
periodic stimulus in non-inductive photoperiodic cycles. The data for group F 
must be considered separately, since these plants received only 4 long days, 
and the delaying effect of intercalated short days might be different from 
that in other groups which received 6 long days. In view of the small number 
of plants used, and the large standard deviations of the means of leaf numbers 
no significance can be attached to the differences between groups D, E, H 
and J (Table 2). 

There is, however, a striking difference between the values for 6X (1+12) 
and 3X (2+12) in both sets of plants. In the latter group flowering took 
place with a delay of only two or three days after the last of the 6 long 
days; this means that the inductive stimulus of paired long days is effectively 
summated. The fact that the delay is somewhat longer in the control group 
with six consecutive long days may be attributed to the possibility that 
induction may sometimes be completed after 4 long days. Thus, it is possible 
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Table 3. Summation of photoperiodic induction in Chenopodium amaranticolor in various 
regimes of short and long days. 
a ———— 


Total number of Days to 
(10 cn each) Treatment short days given flowerformation 
A TAD controls ar: 0 — 
B 1 S.D.+1 LD.. 8 i 
C 14S.D.:Æ2 LD, 9 26 
D 18.D- FELD a 34 
E 2'S.D.+1 ED... 10 15 
F 2°S5.D.-22 LD. 8 16 
G 2 S.D.+4 L.D... 6 19 
H 5:8.De-B1 UL Dy 22.28 10 12 
J 5 S.D.+2 L.D 10 14 
K 5 SD.+4 L.D 10 15 


that the low value of the delay with 3X (2+12) conceals a larger delay 
following the second pair of long days, i.e. this group might have flowered 
without the intervention of the last pair of long days, but with some con- 
siderable delay. This requires further testing. Examination of the original 
data of Lang and Melchers (1943) on the basis adopted above shows that 
the delay following induction was in all cases far smaller than in the present 
experiment, and the values are consistent with the possibility that induction 
had actually been completed after the fourth long day. It is interesting to 
note that in their 1942 experiments the conditions were such that 4 out of 
5 plants flowered after treatment with 4 long days (of 16 or 24 hours of light), 
and that the delay as measured by the increment in leaf number was no 
greater with 4 long days than with 10 long days. Returning to the discussion 
of the present experiment we find that the delay with 6X (1+12) was con- 
siderable (14 and 22 days respectively in sets A and B). Indeed it is possible 
that had the plants of this group been kept longer after the end of the 
treatments, more would have been found to be flowering (a period of 20 days 
elapsed between the last long day and the date of dissection). However, this 
does not obviate the main conclusion, that the photoperiodic stimulus gener- 
ated by a long day becomes dissipated during succeeding short days and 
is probably eventually lost (c.f. groups B and C). This conclusion is contrary 
to that reached by Lang and Melchers and implies that the substance 
formed in a single long-day cycle is not permanent and stable within the plant. 


Experiment 2. Chenopodium amaranticolor Coste et Reyn. 


This plant is said by Lona (1950 c) to require only one short day for induction. 
In a preliminary experiment plants, which were very uniform in appearance, from 
seeds of Lona’s strain sown on 17th April, 1952 were treated with from one to five 
short days (9 hours of light per day) beginning on 11th June. At this time the plants 
each had some 11 fully grown leaves, and were fairly uniform in height, ranging 
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Figure 2. Chenopodium amaranticolor, 
Coste et Reyn. Summation of inductive 
effects of single short days, or of groups 
of consecutive short days. 
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around a mean of 35 cm. Plants treated with short days showed an immediate stimu- 
lation of height growth, and those treated with 5 or 4 short days were classified as 
flowering on 9th July. Those treated with 2 short days were similarly classified on 
16th July. The long day controls and the plants treated with one short day were 
grown on until 4th September. Although the plants of these groups were then practi- 
cally identical in height (182 cm.), the plants treated with one short day were more 
branched; on dissection, no indication of flowering was found in either group. For 
our purposes then, this strain of Chenopodium amaranticolor does not flower when 
treated with a single short day. 

Ten groups of plants, ten per group from seeds sown on 17th April, were used 
for the summation experiment. The conditions were the same as those described 
above for Hyoscyamus, and the treatments were begun on 29th May, when all groups, 
with the exception of the long-day controls, received a short day. The treatments used 
were: (1-1), (142); (1+-4); (2+1),. (272), (244); (5+1), (+2), (5+4), were the 
first number indicates short day(s) and the second, long day(s). These treatments 
were repeated until the plants reached a subjectively determined stage in flowering 
(appearance of a macroscopic terminal inflorescence). The terminal buds of the 
plants were then dissected to verify the presence of flower primordia. The results are 
given in Table 3 and Figure 2. 


All groups, with the exception of the long-day controls, flowered within 
35 days of commencing treatment. This means that in groups B, C and D 
the stimulus generated by single short days is summated. From Figure 2, 
however, it can be seen that the delay in flowering, which is small when 
pairs of short days are given, is considerable when single short days are 


separated by 2 or by 4 long days. 
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Table 4. Summation of photoperiodic induction in Biloxi soybean in various regimes of | 
short and long days. : | 


Men | Number ef Number of flower primordia 
umber umber 
3 per plant (mean with 
Dr BE of plants plants flowering) tandard deviation of mean) 
| | | 

A SD. controlsere re 10 0 0 

B MS Deere ee | 10 0 | 0 

C DANS RE Cr on cour 10 10 7.6 + 3.99 

D 6S Dee RATE | 10 10 105 + 16.9 

E 10.8, Deere 10 10 132 + 13.8 

F 10xX(1 SD. 2 ILD'E 10 2 2 
| G |10X(1 S.D.+ 2 ee 10 | 7 à 

HEAMIO UNS DEAD 10 ( ( # 

J 5% (2 SD. FELD)... 10 10 | 43.6 + 7.48 

K 5X (2 S.D-t 2 LD) 10 | 10 | 34.4 + 8.32 

L 5 <(2 S.D.--12 L.D.) 10 | 10 | 46.2 + 14.74 


Analysis of variance test between groups J, K and L gives (F) —1.56 with a probability 
of these groups belonging to different populations of 1 °/o. 


* Plants received only 6X (1 SD+12 L.D.) at the conclusion of the experiment. 


It is interesting that the most rapid »decay» (delay in flowering) takes place 
with the first intercalated long day; after that the intercalation of further long 
days has a relatively smaller effect. The rate of breakdown of the product 
of the short-day cycle appears to be proportional to its concentration. This 
product must, however, become stabilised in short days, since the rate 
of fall of the curves becomes less with increase in the number of consecutive 
short days. 


Experiment 3. Biloxi soybean. 


Eleven groups of plants, 10 per group, were used for the experiment; these plants 
were selected for uniformity from among 400 plants grown from seeds sown on 
8th June, 1952. Each plant had two fully expanded trifoliate leaves at the beginning 
of the experimental period. The conditions were the same as those for experiments 
1 and 2, except that towards the end of the experiment plants receiving long days 
were allowed to stand in the greenhouse under supplementary illumination, instead 
of being removed to the darkroom at 11.30 p.m. The treatments were as follows: 
10X (141), 10X (1+2), 10X (1412), 5X (2+1), 5X (2+2), 5X (2412), the nota- 
tion being as for Chenopodium. Other groups received 1, 2, 6 or 10 consecutive short 
days. It was arranged that these groups should receive their short-day treatments in 
the middle of the experimental period. The plants of each group were dissected one 
month after having received the last short day, and the number of flower primordia 
counted, As a result of the data collected during the early part of the experiment it 
was seen that flowering could not be expected to take place in the group receiving 
10X (1+12). Treatments in this group were, therefore, stopped when only 6X (1+12) 
had been applied. Apart from this, these plants had by that time become too large for 
convenient experimentation. The results are given in Table 4, and in Figure 3. 
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Figure 3. Biloxi soybean. Summation of photoperiodic stimuli. The data of Expt. 3 are 
given as means (circles) with twice the standard deviation (vertical lines). 


From the graphs in Figure 3 it can be seen that there is a rapid decline in 
the number of flower primordia formed with the intercalation of a single 
long day in between single short days, or between pairs of short days. 
Indeed, the fall is so great that there is, as Long (1939) found, little or no 
summation with repetitions of single short and single long days. Further, the 
level reached in groups J, K and L (where 5 groups each of two short days 
were given) is almost exactly five times that reached in group C, which had 
only two short days. This again corroborates Long’s findings — although in 
the more juvenile plants with which he experimented it was not possible to 
demonstrate it for paired short days. On the other hand, the levels reached 
with 6 or with 10 consecutive short days are much higher than 3 or 5 times 
that with 2 short days. However, the rate of ascent of flower number with 
increasing numbers of consecutive short days, which Hamner (1940) found 
to be linear up to seven short days, begins to fall off above that number, so 
that the difference between 6 and 10 short days is not as great as that between 
2 and 6 short days. It may be tentatively suggested that this is due to the 
limitation of the number of »sites» at which flower primordia can be formed. 
Borthwick and Parker (1938) have shown that only terminal apices which 
have not yet formed leaf primordia are converted to flowering apices during 
induction of Biloxi soybean. 
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Discussion 


These experiments serve to amplify the conclusions which follow from an 
examination of previous work on summation of photoperiodic stimuli, namely 
that summation is possible in both long-day and short-day plants. 

Two distinct processes may be envisaged as determining whether or not 
summation does take place in any given plant. The first process concerns 
the immediate fate of the substances produced by the leaf exposed to the 
inductive photoperiodic cycle. These substances may be relatively unstable 
in parts of the plant other than shoot apical meristems (Carr 1953; I). 
Alternatively, these products may be neutralised by some system operating 
in non-inductive cycles, so that only those amounts of the precursors of the 
flower hormone which reach the apical meristem are permanently retained. 
In Biloxi soybean the destructive or antagonistic mechanism is so potent that 
a single short day has no permanent effect, but in Chenopodium amaranti- 
color summation is quite effective over at least 4 long days. The same is 
true of Xanthium (Long 1939). 


The second process limiting summation concerns the diluting effect of 
continued cell division in the apical meristem. On Gregory’s (1948) view (see 
Carr 1953; I) only when a critical level of the precursor of flowering has 
accumulated in the apical meristem is further production autocatalytic. Under 
normal conditions, the attainment of this level would appear to necessitate 
only a single short-day cycle in Xanthium pennsylvanicum, but three long-day 
cycles in Hyoscyamus niger, Assuming that the critical concentration for 
autocatalytic production of flower hormone has not been attained, then 
continued cell division over long periods must result in the depletion of the 
store of flower hormone to a completely ineffective concentration. Thus, in 
Hyoscyamus niger the »sub-threshold» effect of a pair of long days is lost 
over a period of 65 short days, or at least does not result in autocatalytie 
production to such a level that another long day would suffice to turn the 
balance towards flowering. Summation is the less effective the smaller are 
the residues of individual photoperiodic stimuli remaining after long inter- 
vening periods of non-inductive conditions. We have to distinguish, then, 
between the dissipating effects of continued cell division in the apical 
meristems and the relatively short-term effects of some system which, 
operating optimally in optimally non-inductive conditions, antagonises or 
actively breaks down the flowering hormone or its precursors. 

It is possible that the well-known increase in photoperiodic sensitivity with 
age may represent an ontogenetic decline in this antagonistic system, and such 
an explanation may well be capable of extension to the responses of faculta- 
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tively long-day and short-day plants. There is a great need for further in- 
formation on the effects of age, light intensity and temperature on the decay 
of the photoperiodic stimulus. 


Summary 


Previous work on summation of photoperiodic stimuli is reviewed, and it 
is shown that summation is possible in both short-day and long-day plants. 
This is supported by experiments on Hyoscyamus niger, a long-day plant, 
and Chenopodium amaranticolor, a short-day plant. Long’s findings on 
summation in Biloxi soybean are confirmed and amplified. 

The experiments show that the product of an inductive photoperiodic 
stimulus may decay at a rate which is determined largely by the plant species. 
Evidence from earlier work shows that light and darkness affect the rate of 
decay. but probably temperature is also involved. In accordance with 
Gregory’s view it is suggested that autocatalytic production of flower hormone 
does not begin unless a critical level of precursor has accumulated in the 
apical meristems, and this level can be reached by summating sub-critical 
concentrations. Summation is the less effective the smaller are the residues 
of individual photoperiodic stimuli remaining after long periods of non- 
inductive conditions. Within the apical meristems the precursor may be 
protected from decay, but over long periods of time sub-critical amounts 
may be dissipated by cell division and repartition. In both short-day and 
long-day plants the residue of a sub-threshold photoperiodic treatment may 
thus be virtually lost. 

Decay of the flowering stimulus over short periods is attributed to some 
destructive or antagonistic system within the plant, and changes in this system 
are tentatively held responsible for certain ontogenetic changes in plant 
responses to daylength. 
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Der Einfluss des Heteroauxins auf die Plasmapermeabilität 
für Harnstoff und Alkylharnstoffe 
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Biologisches Institut, Ehime Universität, Matsuyama, Japan 
(Eingegangen am 9. März 1955) 


I. Einleitung 


Der Mechanisums der Auxin-Wirkung in Pflanzen, besonders beim Meta- 
bolismus, d.h. Atmung usw., ist viel bearbeitet worden. Die Auxin-Wirkung 
auf den Kolloidzustand des Protoplasmas ist jedoch fast noch nicht erforscht. 
Vor kurzen ist gezeigt worden, dass das Auxin auf die Permeabilität des 
Protoplasmas einen Einfluss ausübt (Guttenberg et al., 1951, 1952a, b; 
Masuda, 1953, 1955). 

Andererseits sind die Fragen, die die Permeabilität betreffen, ebenfalls 
bearbeitet worden, Collander und Wikström (1949a, b) haben gezeigt, dass 
die Protoplasmamembran in gewissem Sinne einen Siebeffekt für die kleinsten 
Moleküle zeigt und andererseits haben sie durch Messung der Permeabilitat 
pflanzlicher Protoplasten für Harnstoff und Alkylharnstoffe bewiesen, dass 
die Protoplasmamembran nicht nur Porenpermeabilität sondern auch Lipoid- 
permeabilität zeigt. 

Bezüglich des Einflusses von Auxin auf die Permeabilität haben Guttenberg 
et al. (1951, 1952 a, b) gezeigt, dass Auxin die Permeabilität der Epidermis- 
zellen der Blattunterseite von Rhoeo discolor für Wasser und Zucker beein- 
flusst und dadurch beweisen, dass das Auxin auf die Eiweissphase der Proto- 
plasmamembran, d.h. die Porenpermeabilität eine Wirkung hat. Dagegen 
hat Masuda (1953, 1955) bewiesen, dass das Auxin die Permeabilität für 
Harnstoff und Glyzerin der Innenepidermiszellen der Zwiebelschuppen von 
Allium cepa und der Koleoptilen von Avena sativa beeinflusst, und deshalb 
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vermutet, dass das Auxin wahrscheinlich nicht nur auf die Eiweissphase 
sondern auch auf die Lipoidphase der Protoplasmamembran wirkt. Um diese 
Vermutung zu bestätigen ist es jedoch erforderlich, dass man den Einfluss 
des Auxins auf die Permeation für die homologe Reihe der gelösten Stoffe, die 
verschiedene Lipoidlöslichkeiten haben, bestimmt. 

In der vorliegenden Arbeit wählte ich als permeierende Stoffe die homologe 
Reihe der Alkylharnstoffe, d.h. Harnstoff (HS), Methylharnstoff (MH) und 
Aethylharnstoff (AH). 


II. Material und Methode 


Als Untersuchungsobjekt wurden die Innenepidermiszellen der Zwiebelschuppen 
von Allium cepa und die des wachsenden Teiles der etiolierten Koleoptilen von Avena 
sativa gewählt. 

Im Falle von Allium wurden die herausgeschnittenen Zwiebelschuppen von etwa 
10 mm Kantenlänge in bidest. Wasser bzw. Heteroauxinlösung überführt und darin 
1—2 Stunden liegen gelassen. Dann wurden die Oberflächenepidermisplättchen von 
etwa 5 mm Kantenlänge von dem Zwiebelschuppenwürfel herausgeschnitten. Diese 
Schnitte wurden ins Plasmolytikum gebracht, das mit oder ohne Zufügung gleicher 
Konzentration des Heteroauxins hergestellt war. Im Falle von Avena, wie in Abb. la 
gezeigt wird, wurde je ein 4 mm langes Zylinderstück, das von der Spitze der 
etiolierten 20—30 mm langen Koleoptile 4—5 mm entfernt war, abgeschnitten. 
Es wurde in bidest. Wasser oder in die Heteroauxinlösung, die 3 °/o Saccharose 
enthielt, überführt und darin 3—4 Stunden gewässert (Masuda, 1955). Dann wurden 
von diesen Koleoptilzylindern die Schnitte, die, wie Abb. 1b zeigt, die Leitbündel 
nicht enthalten, herausgeschnitten und ins Diosmotikum gebracht. 

Für die Permeabilitätsbestimmungen verwendete ich die Permeationskonstante P’ 
nach der Deplasmolysezeit-Methode von Hofmeister (Pd’, 1948) und die plasmo- 
metrische Methode von Url (1951, 1952), die auf den früheren Angaben von Höfler 
(1918) beruht. Die erstere Methode wurde bei Allium und die letztere bei Avena 
verwendet. 

Die Pd’ von Hofmeister ist die Permeationskonstante P’, die aus der Deplasmolyse- 
zeit gewonnen wird und ergibt sich im Folgenden nur aus Formel 

120 (C—O) M (C—O) 60 C—O 
—— c= 


woR =» , M- 
(C+0) Ce ik : FB 

C= Konzentration des Plasmolytikuns, c— jeweilige Konzentration der eingedrungenen 
Substanz im Zellsaft, M=die pro Stunde aufgenommene Menge der permeierenden 
Substanz in Mol., O=osmotischer Wert des Objektes, T=Deplasmolysezeit ist. Der 
O-Wert wurde in folgender Weise gemessen: die gleichartigen Epidermisstücke 
wurden in Glukoselösungen mit verschiedenen Konzentrationen gebracht und dadurch 
der O-Wert in der Konzentration bestimmt, in der 50 °/o der Zellen plasmolysiert 
waren. Die Deplasmolysezeit ist die Zeit, die mehr als 95 °/o Zellen brauchen um zu 
deplasmolysieren. 

Bei Avena, nach Url (1951, 1952), diente als Mass der Permeabilität die Grösse 
AG, welches die Änderung des Plasmolysegrades pro Stunde angibt und die Differenz 
von zwei Plasmolysegraden G, und G, ist, welche mit einem Zeitabstand von einer 
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Abb. 1. 


2 


1 ei 
Stunde gemessen werden. Dabei ist a NES 1 da der G-Wert = ist, wenn 


l=die Länge des Protoplasten, h=die innere Länge der Zelle, und b=die innere 
Breite der Zelle bedeutet. 

Um die schädigenden Wirkungen der Diosmotika zu vermeiden wurde in allen 
Fällen der »Partialversuch» von Hofmeister (1935) verwendet und mit dem »Total- 
versuch» verglichen. Um die von den Diosmotika verursachten abnormen Permeabili- 
tätssteigerung zu vermeiden, wurde weitherhin noch die gleichzeitige Methode von 
Collander und Wikström (1949 a, b) verwendet, in der man Harnstoff und Methyl- 
harnstoff gleichzeitig durch dieselben Protoplasten diffundieren lässt. 

Die Konzentrationen der Indolessigsäure (im Folgenden mit IES abkekürzt), die 
in diesen Versuchen verwendet wurden, waren bei Allium 0.01 mg/l, welches die 
Permeabilität vergrössert, und 100 mg/l, welches sie hemmt; und bei Avena 1 mg/l, 
was die Permeabilität sowie die Zellstreckung fördert (Masuda, 1953, 1955). 

Die verwendeten IES, HS, MH und AH waren reinste Präparate von Merck, 
Schuchardt, Wako bzw. Katayama. Sie wurden in bidest. Wasser gelöst. 


III. Versuchsergebnisse 


1) Allium cepa 
a) Totalversuch 
Die Hauptversuchsreihe mit dieser Pflanze führte ich zwischen 2. und 
dem 20. September 1954 durch. 
Ein Beispiel der durch den Totalversuch gewonnenen Pd’-Messungsergeb- 
nisse der Innenepidermiszellen wird im Folgenden gegeben: 


Harnstoff 3. September 1954 


C (Konzentration des Diosmotikums) =0.55 Mol. Harnstoff st = 2820: 


mm nn 777979859577 
| | | 
| | i | nl (C—0)60 F0 : 
| Schnitte | red (0) | |Deplasmolysezeit (T) ———-=— | a Pd 

1 0.45 Mol. 85 Min. 0.0706 0.050 0.141 
| 2 0.42 100 0.0780 0.065 0.161 

3 0.43 85 | 0.0847 | 0.060 0.141 


Mittel = 0.148 
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Tabelle 1. Pd’-Werte in den Totalversuchen der Innenepidermiszellen von Allium cepa. 


| Harnstoff Methylharnstoff Aethyiharnztgif; 
| Pd’ | IES/K Pd | IES/K Pd | IES/K 
SS a i Tk MU UC oi... Foi 
Kontrolle ............... O35 | D LR: = 1.89 | = 
0.01 mg/l IES......... | 20:19 ART BE 140: 4, 2.900 Du 
100 mg/l IES ......... 0.11 | 03 | 0.43 0.68 0.96 O51 8 


Die Tabelle 1 zeigt die Mittelwerte aus allen Versuchen der Hauptreihe. 

Sie zeigt, dass die Permeabilitätsreihe AH >MH > HS ist. Es ist dabei 
bemerkenswert, dass alle diese Stoffe in die Zelle, der 0.01 mg/l IES gegeben 
wird, schneller und in die Zelle, der 100 mg/l IES gegeben wird, langsamer 
eindringen als die Kontrolle. Die Tabelle zeigt weiterhin, dass durch 0.01 mg/l 
IES die Permeabilität für MH mehr als die für HS und die für AH mehr 
als die für MH erhöht wird, und sie zeigt auch, dass durch 100 mg/l IES die 
Permeabilität für diese Stoffe der Reihe nach erniedrigt wird. 

In diesem Falle ist es zu befürchten, dass der MH manchmal eine deutliche 
Tendenz hat, die Durchlässigkeit der Protoplasmamembran zu erhöhen 
(Pecksieder, 1947; Collander und Wikström, 1949a). Deshalb wurde der 
Partialversuch ausgeführt. 


b) Partialversuch 


Die Hauptversuchsreihe führte ich zwischen dem 22. September und dem 
6. Oktober 1954 durch. 

Die Lösungen enthielten 0.2 Mol. Glukose +0.35 Mol. HS oder 0.8 Mol. MH 
bzw. AH (Tabelle 2). 

Da sich die Pd’-Werte für MH und AH in den Partialversuchen kleiner 
als die in den Totalversuchen ergeben, muss man beachten, dass eine 
sekundäre Erhöhung der Protoplasmapermeabilität, die während der Permea- 
tion dieser Stoffe eintreten kann, existiert. Es ist aber bemerkenswert, dass 
die Quotienten IES/K für HS, MH und AH in Tabelle 2 im Prinzip denen des 
Totalversuches ganz ähnlich sind. 

Ich verwendete auch die gleichzeitige Methode, um festzustellen, ob die 


Tabelle 2. Pd’-Werte in den Partialversuchen der Innenepidermiszellen von Allium cepa. 


I 


| | HS | MH | AH 
| | | | 
| pdt "+ 1ES/K: 4 par | IES/K Pd' IES/K 
| | 
| | | | 
| Kontrolle .. AR rl 0.16 = 0.43 | | 0196 = 
| 0.01 mg/l IES sea. ihe RET S18 0.60 | 14 40 | 1.50 1.56 
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9 3 


Abb. 2 und 3. Plasmolyseverläufe der Innenepidermiszellen von Allium cepa in der Harn- 
stoff-(HS) und Methylharnstofflösung (MH). A: Kontrolle, B: 0.01 mg/l IES. Abszisse: 
Zeit in Minuten. Ordinate: Protoplastenlänge in Mikrometerskalenteilen. 


Permeabilitätseigenschaften der Protoplasten durch MH oder AH abnorm 
werden oder nicht. 

Das Innenepidermisplättchen wurde nach vorangehender Wässerung in 
eine Durchflusskammer gebracht. Hier wurde es zunächst in einer Lösung 
plasmolysiert, die in einem Liter Lösung 0.2 Mol. Glukose +0.8 Mol. HS ent- 
hielt (Lösung 1). Die Protoplasten rundeten sich in kurzer Zeit ab und fingen 
an, sich allmählich auszudehnen. Die Inklinationen der Abstiegkurven in 
Abb. 2 zeigen die Austrittsgeschwindigkeit des Wassers und die der Aufstieg- 
kurven hauptsächlich die Eintrittsgeschwindigkeit des HS. Das Präparat 
wurde nun in die Lösung II gebracht, deren Zusammensetzung genau dieselbe 
war wie die erste ausser dass HS durch MH ersetzt war. In diesem Falle 
waren die Ausdehnungsgeschwindigkeiten grösser als die Lösung I. Ersetzte 
man die Lösung II wieder durch die Lösung I, so zeigte es sich, dass der 
Filtrierwiderstand der Plasmamembran nicht bedeutend gestört worden war. 
Wenn das Material aber zunächst in der Lösung II plasmolysiert und dann 
in die Lösung I gebracht wurde (Abb. 3), zeigten die Aufstiegkurven keine 
steilen Inklinationen. Wenn die Plasmamembran in dem MH 70 Min. lang 
plasmolysiert wurde und sich ziemlich ausgedehnt hatte, konnte man beob- 
achten, dass keine merkliche Störung der HS-Permeabilitat eintritt. In den 
Totalversuchen ist es vielleicht zu befürchten, dass MH oder AH eine sekun- 
däre Permeabilitätserhöhung verursacht, aber in den Partialversuchen braucht 
man eine solche eventuelle Möglichkeit nicht in Betracht zu ziehen. 

Wenn 0.01 mg/l IES in die Lösung I und II gegeben wurde, wie Abb. 2B 
und 3B zeigen, waren die Wasseraustritts- und Stoffeintrittsgeschwindig- 
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keiten grösser als die der Kontrolle, und zwar war dieser Effekt von IES 
auf die Permeabilität für MH grösser als auf die Permeabilität für HS. Die 
Ergebnisse in den Total- und Partialversuchen wurden auch hier sicher- 
gestellt. 

Da in einer Lösung, die den AH enthielt, die Ausdehnungsgeschwindigkeit 
der Protoplasten zu gross war, konnte ich die Versuche, bei denen AH 
verwendet wurde, nicht messend verfolgen. 


2) Avena sativa 


Die Hauptversuchsreihe mit dieser Pflanze führte ich zwischen dem 3. 
November und dem 29. Dezember 1954 durch. 

Die Messungen der einzelnen Zellen erfolgten in genauen Zeitabständen; 
jede Minute, mitunter alle 30 Sekunden, wurde die Protoplastenlänge einer 
Zelle gemessen (Url, 1951, 1953). Als Beleg teile ich folgendes Streng ver- 
gleichbares Versuchspaar mit. 


a) Totalversuch 
Harnstoff 20. November 1954 


C (Konzentration des Diosmotikums) =1 Mol. HS, t=18° C. 


Das Koleoptilstückchen wurde nach einer Wässerung von 3 Stunden um 
1" 15’ in die Lösung gebracht (Kontrolle), und ein anderes wurde nach der in 
der Auxin-Lösung geführten Wässerung von 4—5 Stunden um 3" 05’ in die 
Lösung gebracht, die auch das gleiche Auxin enthielt. 


Kontrolle. 1. Messung 1h 36’, 2. Messung 1h 46’, 3. Messung 1h 56’. 


Zelle h b hi le ls Gi Ge Gs AG2-ı AGs—e2 
1 37 8.1 24 25 26 0.5757 0.6027 0.6297 0.162 0.162 
2 44 8.4 27.4 28.6 30 0.5591 0.5864 0.6182 0.164 0.191 


AG (Mittel) = 0.170 


1 mg/l IES. 1. Messung 3h 25’, 2. Messung 3h 30’, 3. Messung 3h 35’. 


Zelle h b li le ls Gi G2 G3 AG2—1 AGs—2 
1 58 8.4 33 33.9 34.9 0.5207 0.5362 0.5535 0.186 0.208 
2 74 8.4 40 41.2 42.3 0.5027 0.5189 0.5338 0.195 0.191 


AG (Mittel) =0.195 


Methylharnstoff 16. November 1954 


Die Schnitte wurden nach Wässerungen um 3) 55’ (Kontrolle) und 2" 45’ 
(IES) in die Lösungen gebracht. C=1 Mol. Methylharnstoff. t=16° C. 
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Kontrolle. 1. Messung 4h 17’, 2. Messung 4h 19’, 3. Messung 4h 21’. 


Zelle h b lı le ls Gi Ge G3 AG2—-ı AGs—2 


1 38 9 34.5 35.8 37.1 0.8289 0.8632 0.8974 1.029 1.026 
2 46 8.1 40.8 42.2 43.7 0.8283 0.8587 0.8913 0.912 0.978 


AG (Mittel) — 0.986 
1 mg/l IES 1. Messung 2h 56’, 2. Messung 2h 58’, 3. Messung 3h, 


Zelle h b li le ls Gi Ge Gs AG2—ı  AGs—2 
1 53 9.9 42.6 44.3 46.5 0.7415 0.7736 0.8151 0.963 1.245 
2 41 6.9 32.8 34.4 36 0.7439 0.7829 0.8219 1.170 1.170 


AG (Mittel) = 1.137 


Tabelle 3 gibt die Mittelwerte aus allen Versuchen der Hauptreihe. Aus 
diesen Ergebnissen kann man erkennen, dass der MH im Durchschnitt in die 
Zellen etwa 6 mal schneller eindringt als der HS. Weiterhin ist die Permea- 
bilität für beide Stoffe durch IES etwa 1.3 mal grösser als die in der Kontrolle 
gefundene Permeabilität. 


Tabelle 3. AG-Werte in den Totalversuchen von Avena Koleoptilen. 


HS MH | 

AG |  IES/K AG [ESO e 9 

| | 

CS OEM 0 2... | 0.165 — | 0.981 | — | 
REN ES’ 1... | 0.207 1.25 | 1.247 1.27 


Da in diesem Falle auch die Gefahr einer sekundären Erhöhung der Proto- 
plasmapermeabilität durch die konzentrierten Diosmotika bestand, wurde 
wieder die Partialversuch-Methode verwendet. 


b) Partialversuch 
Harnstoff 17. Dezember 1954 


Die Schnitte wurden nach Wässerungen um 2" 30° (Kontrolle) und 4" 30° 
(IES) in die Lösungen gebracht. C+0.2 Mol. Glukose+0.8 Mol. Harnstoff. 
t=22° C. 


Kontrolle. 1. Messung 2h 52’, 2. Messung 3h 02’, 3. Messung 3h 12’. 


Zelle h b lı le Is Gi Ge Gs AG2—1 AGs 
1 45 8.1 28.5 30 SRE 0.5733 0.6067 0.6400 0.200 0.200 
2 42 1.3 26.7 28 29.4 0.5762 0.6071 0.6405 0.185 0.200 


AG (Mittel) — 0.196 


1 mg/l LES 1. Messung 4h 48’, 2. Messung 4h 53’, 3. Messung 4h 58. 
lı lz 13 Gi G2 Gs AG2—1 AGs—2 


Zelle h b 1 
1 34 81 28.2 28.9 29.5 0.7500 0.7706 0.7882 0.247 0.211 
2 48 8.1 39 39.9 40.6 0.7562 0.7730 0.7900 0.203 0.204 


AG (Mittel) =0.216 
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Methylharnstoff 18. Dezember 1954 


Die Schnitte wurden nach Wässerungen um 1" 30° (Kontrolle) und 2h 13 
(IES) in die Lösungen gebracht. C=0.2 Mol. Glukose+0.8 Mol. Methylharn- 
stoff..t=22° Ce 


Kontrolle. 1. Messung 1h 46’, 2. Messung 1h 48’, 3. Messung 1h 50’. 


Zele h b li le ls Gi G2 Gs AG2-ı AGs3—2 


il 52 9.6 46 47.5 49.1 0.8231 0.8519 0.8827 0.864 0.924 
= 34 6.9 30.2 31.1 a! 0.8206 0.8471 0.8765 0.795 0.882 


AG (Mittel) — 0.866 


1 mg/l IES 1. Messung 2h 27’, 2. Messung 2h 29’, 3. Messung 2h 31’. 


Zelle h b lı le 13 Gi G2 Gs AG2—1 AGs—2 
1 82 4 64 66.9 69.8 0.7439 0.7793 0.8146 1.062 1.059 
2 33 7.8 27.3 28.5 29.5 0.7485 0.7848 0.8152 1.089 0.912 


AG (Mittel) =1.055 


Da AH in die Zellen zu schnell eindrang, ohne die vollständige konvexe 
Plasmolyse zu zeigen, d.h. die Ausdehnungsgeschwindigkeit der Protoplasten 
zu gross war, konnte ich keine genauen Werte von AG erhalten. 

Tabelle 4 gibt die Mittelwerte aus allen Versuchen der Hauptreihe. Aus 
diesen Ergebnissen kann man eine ganz ähnliche Tendenz wie bei den Total- 
versuchen erkennen, nur dass das Verhältnis des AG-Wertes von MH zu dem 
von HS hier kleiner ist als in den Totalversuchen. 


Tabelle 4. AG-Werte in den Partialversuchen von Avena Koleoptilen. 


HS MH 
| AG | 1ES/K AG | IES/K 
| | 
onto le aceite eh akan: 0.190 L 0.876 | == | 
dell DES Me 0229 | 1.21 1.081 | 1.23 | 


Diese Ergebnisse von Avena unterscheiden sich von den mit Allium ge- 
fundenen, da fast kein Unterschied zwischen der durch IES entstandenen 
Permeabilitätserhöhung für MH und derjenigen für HS in den Total- und 
 Partialversuchen gefunden wurde. 


IV. Besprechung der Ergebnisse 


Der Einfluss des Auxins auf die Permeabilität ist darauf zurückzuführen, 


dass das Auxin unmittelbar oder mittelbar den Kolloidzustand der Proto- 
plasmamembran verändert. 
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Es ist bekannt, dass es Pflanzen gibt, wie z.B, Beggiatoa, bei denen die 
Porenpermeabilität besonders hervortritt (Schönfelder, 1930), aber dass die 
meisten Hochpflanzen ausserdem die Lipoidpermeabilität zeigen (Collander, 
1949b). In welchem Grade die Molekülgrösse und die Lipoidlöslichkeit 
permeierender Stoffe ausschlaggebend sind wird wohl von den Materialien 
und ihren inneren oder äusseren Bedingungen abhängig sein (Collander, 
1937). Von diesen beiden Ausgangspunkten will ich nun meine Ergebnisse 
besprechen. 

Die Molekülgrösse (MRp) und die Verteilungen zwischen Oel und Wasser 
des HS, MH und AH sind nach Ruhland und Hoffmann (1925) und Collander 
und Bärlund (1933), wie folgt: 


| | . .. .. 
MRp | Aether/Wasser | Olivenôl/ Wasser | Olivenöl + Oelsäure | 
| Wasser | 
lin al ee 13.67 0.0005 | 0.00015 | 0.0052 | 
Masse. 18.47 | 0.0012 0.00044 | 0.0096 | 
Ei... 22<30 | 0.0041 | 0.0017 0.034 


Je mehr die Molekülgrösse und die Lipoidlöslichkeit in dieser homologen 
Reihe zunehmen, desto mehr nimmt auch die Permeation der Zellen von 
Allium und Avena zu. Deshalb kann man sagen, dass die Lipoidlöslichkeit in 
diesen Materialien und die Versuchsbedingungen einen wesentlichen Einfluss 
haben. 

Da in den Totalversuchen der Einfluss der permeierenden Substanzen auf 
die Permeabilität erkannt wurde, so ist der Vergleich der relativen Werte der 
Permeabilität zwischen der homologen Reihe den Partialversuchen mit den 
Werten der Verteilungskoeffizienten zwischen Oel und Wasser wie folgt: 


| | Verteilungskoeffizient Allium Avena 

| Aether | Oel Oel + Oelsaure AL | ‘ae (2 Ai 

| Wasser | Wasser | Wasser + nr Nr 2 + 
| | | 
EM AS snares eee 2.4 29 | 1.9 | 21 32 4.6 4.1 | 
POMEL MEE PES. re 3.4 3.3120 3.5 23 2:5 — = 1. 


Falls IES nicht beigegeben wurde. waren die Permeationen von MH und 
HS in den Innenepidermiszellen von Allium hauptsächlich von der Lipoid- 
löslichkeit abhängig, aber die Molekülgrösse scheint auf die AH-Permeation 
einzuwirken. 

Bei Anwesenheit von IES wurden die Quotienten der Permeabilität grösser. 
Das deutet an, dass IES die Lipoidphase der Protoplasmamembran starker 
beeinflusst als die Wasserphase, die eine Rolle als Ultrafilter spielt. 
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Es ist bedeutungsvoll, dass der permeabilitätserhöhende Effekt der IES 
in der optimalen Konzentration die Ordnung AH > MH > HS hat. Der per- 
meabilitätserniedrigende Effekt der IES in der hohen Konzentration zeigt 
dieselbe Ordnungsfolge. Die gleichzeitige Methode zeigt aber, dass IES nicht 
nur die Lipoidpermeabilität, sondern auch die Wasserdurchlässigkeit erhöht. 

Bei Avena Koleoptile, auch wenn IES nicht beigegeben wurde, ist der 
Quotient MH/HS bedeutend grösser, daher hat die Steigerung der Lipoid- 
löslichkeit auf die Permeation einen grösseren Effekt. Avena unterscheidei 
sich von Allium dadurch, dass der permeabilitätserhöhende Effekt von IES 
keinen deutlichen Unterschied zwischen HS und MH zeigt. Man kann sich 
die Ursache hierfür in verschiedener Weise denken, z.B. 1) der Unterschied 
der verwendeten Konzentrationen von IES, 2) bei Avena wurden im Gegen- 
satz zu Allium die lebhaft wachsende Zellen verwendet, bei Allium ist es 
auch möglich, dass es einen durch die Jahreszeit bedingten Unterschied gibt, 
3) da bei Avena schon bei der Kontrolle die maximale Lipoidpermeabilität 
auftritt, kann die weitere Erhöhung der Permeabilität durch IES schwer her- 
vortreten, 4) der Unterschied zwischen den Materialien. Zur Entscheidung, 
welche von diesen Vorschlägen der ausschlaggebende ist, sind weitere Unter- 
suchungen nötig. 

Es wäre interessant zu wissen, in welcher Weise die Permeabilitatsände- 
rungen durch IES entstehen, und welche von diesen beiden, nämlich die durch 
IES entstandenen Permeabilitätsänderungen oder die durch IES hervor- 
gebrachten Kolloidzustandsänderungen, die Zellaktivität erhöhen oder vice 
versa. 


V. Zusammenfassung 


1. Die Permeabilitätsreihen der Innenepidermiszellen der Zwiebelschuppen 
von Allium cepa und die der Koleoptilen von Avena sativa sind wie folgt: 
Aethylharnstoff (AH) > Methylharnstoff (MH) > Harnstoff (HS). 

2. Bei Allium wurde die Permeabilität für diese Stoffe durch 0.01 mg/i 
bzw. 100 mg/l IES erhöht bzw. erniedrigt. In allen Fällen dieser beiden IES- 
Effekte sind ihre Stärke wie folgt: AH > MH > HS. IES erhöht nicht nur die 
Wasserpermeabilität, sondern sie verändert auch stark die Lipoidphase der 
Protoplasmamembran. 

3. Bei Avena erhöht 1 mg/l IES die Permeabilität, der Effekt zeigt aber 
keinen Unterschied zwischen MH und HS. 


Die Kosten dieser Untersuchung wurden zum Teil durch »the Governmental 
Research Fund for Science» gedeckt. 
Hier sei es mir gestattet, meinem verehrten Lehrer, Herrn Prof. Joji Ashida, Kyoto 


Universität, für seine Anregung und ständige Anleitung den besten Dank aus- 
zusprechen. 
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Introduction 


Although the status of molybdenum as an essential micronutrient for higher 
plants is well established, its role in the nutrition of green algae is less well 
documented. Recent reviews of mineral requirements of green algae could 
adduce no evidence for the essentiality of molybdenum (Myers, 19; Ketchum, 
15). More recently, however, evidence was presented for a molybdenum 
requirement of Chlorella pyrenoidosa (Walker, 26; Loneragan and Arnon, 16) 
and Scenedesmus obliquus (Arnon et al., 6). This paper reports further studies 
on molybdenum in the nutrition of green algae with special reference to the 
nitrogen metabolism of Scenedesmus obliquus (Strain D3). 

The conclusive identification of molybdenum as the specific metal com- 
ponent of nitrate reductase from Neurospora crassa by Nicholas and Nason 
(20, 21) has rendered it probable that this metal is also an essential constituent 
of nitrate reductase in green plants. This would explain the widely observed 
accumulation of nitrate in molybdenum-deficient plants and its disappearance 
upon the addition of molybdenum (Mulder, 18; Hewitt and Jones, 11; 
Meagher, 17; Spencer and Wood, 23). 

If molybdenum were needed by a green plant solely for nitrate reduction, 
then the requirement for this micronutrient should be abolished with the 
substitution of a reduced form of nitrogen for nitrate. A hitherto unobserved 
clear-cut dependence of only one enzyme system on a specific inorganic 
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element, essential for growth, would be established. A micronutrient would 
thus be made wholly dispenable through bypassing the specific »metabolic 
block» caused by its deficieney. Molybdenum seems to fit this pattern in the 
nutrition of Scenedesmus. This paper presents evidence for the essentiality of 
molybdenum with nitrate as the sole source of nitrogen. The companion 
communication (Ichioka and Arnon, 13) will report the dispensabality of 
molybdenum when either ammonia or urea is used as a source of nitrogen. 

Previous workers using either fungi (Steinberg, 24; Nicholas et al., 22) or 
higher plants (Mulder, 18; Hewitt and McCready, 12) concluded that even 
though the molybdenum requirement was greatly reduced, it could not be 
completely abolished when ammonium replaced nitrate as the sole source of 
nitrogen (Meagher, 17; Agarwala, 1). In these species molybdenum has been 
thought to perform other functions (Hewitt and McCready, 12; Spencer and 
Wood, 23) in addition to its principal one of catalyzing the reduction of 
nitrate. However, for the green alga Chlorella pyrenoidosa, Walker (26) 
found a requirement for molybdenum only when nitrate (not urea) was the 
sole source of nitrogen. 


Methods 


Apparatus for growing algae 


The algae were grown in an apparaius of special design, which has given excellent 
performance in three years of continuous operation. Because of its general suitability 
for growing algae, particularly under a variety of nutritional conditions, the appara- 
tus will be described in detail. 

The overall appearance of the culture apparatus is shown in Figure 1. The algae 
were grown with continuous shaking in one-liter Pyrex glass Roux culture bottles laid 
horizontally on open frame trays. Illumination was provided by fluorescent lights 
from below. The details of the apparatus are shown diagramatically in Figure 2. 

14 bottles (L) were laid side by side in two rows of seven bottles each on an angle 
iron tray 101.6 cm. (40 in.) long by 50.8 cm. (20 in.) wide. Each bottle was held in 
place by 4 rubber-covered vertical pins. The tray was suspended from an angle iron 
frame by iron straps (O), pivoted on rods in such a manner that the trays could be 
shaken back and forth with a continuous pendulum-like motion. The distance be- 
tween the two pivot points on the rocker arm was 12.5 cm. This gave a natural period 
of oscillation of about 0.7 seconds. The apparatus was driven by a 1/18 horsepower, 
gear-reduction, motor (Bodine No. B2170—40H). The speed of the motor was 
adjusted by means of a variable transformer to maintain a shaking rate approxi- 
mating 85 oscillations per minute. At this rate of shaking, and with a stroke length 
of 3.8 cm., the algae remained in suspension with very little frothing of the enlture 
medium. 

Continuous incident illumination of about 12,000 to 13,000 lux was provided by a 
bank of eight 48-inch, 40 watt fluorescent tubes (P), mounted on a white-painted 
board placed 13 cm. below the culture bottles (1.). For cooling, an electric fan was 
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Figure 1. Overall view of algal cul- 


ture apparatus. 


used to blow a stream of air between the fluorescent tubes and the culture bottles. 
The temperature inside the bottles was maintained no higher than 1.2° C above the 
ambient temperature which was usually about 25° C. There was less than 1° C dif- 
ference between the temperatures of bottles in different positions on the shaker. 

Each culture bottle contained a maximum of 240 ml. of culture solution. When 
the bottle was laid in a horizontal position this volume of fluid formed a layer (about 
14 mm. thick) shallow enough to prevent spillage into the offset neck of the bottle. 
The bottles were stoppered with No. 5 rubber stoppers (K), carrying two Pyrex 
glass tubes, a long L-shaped 5-mm. tube for gas inflow and a short L-shaped 10-mm. 
tube for gas outflow. Both glass tubes were plugged with non-absorbent cotton (H) 
to prevent microbial contamination. 

The gas, supplied at an approximate rate of 70 ml. per minute per bottle, was a 
mixture consisting of 5 per cent CO, in air. CO, from a cylinder (A) flowed through 
a reducing valve pressure regulator (B), then through a Bernoulli-type gas flow 
gauge (C) and mixed with air. The air, taken from a compressor air line (D), was 
held at constant pressure by a reducing valve regulator (E), and a constant head of 
water (F). The mixture of air and CO, flowed through another gas flow gauge (G), 
then through two cotton filters (H), before entering the manifold (I) to supply the 
individual bottles. To keep the delivery of the gas mixture to the bottles uniform, 
a capillary tube (J) was inserted between the manifold and the bottle. 

The long L-shaped 5-mm. glass tube for gas inflow was placed to deliver the gas 
mixture at the far end of the bottle above the algal suspension (Figure 2). Bubbling 
the gas mixture through the algal suspension produced foaming, particularly in older 
cultures. With the continuous shaking of bottles, there was no significant difference 
in growth rates whether the gas mixture was delivered above the algal suspension or 
bubbled through it. 

On leaving the culture bottles, the gas mixture was bubbled through water in a 
test tube (M) before being released to the atmosphere (N). The bubbling of the 
effluent gas mixture provided ready visual evidence that each culture bottle was 
adequately gassed. 


The CO, content of the gas mixture was checked by a Haldane gas analysis. 
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Figure 2. Diagram- 
matic sketch of algal 
culture apparatus. 


Culture Media 


(1) Preparation of the nutrient solution. The nutrient solution used in the present 
investigation was a modification of the one previously described (Arnon and Wes- 
sel, 8). Pyrex glass-distilled water was used throughout. The basic nutrient solution 
consisted of 0.02 M KNO,, 0.001 M MgSO,, 0.0005 M CaCl, and 0.002 M of phos- 
phate supplied by a mixture of KH,PO, and K,HPO, (pH 6.7). The components of 
the basic nutrient solution were purified by the procedures described below. Iron and 
other micronutrients were used without purification. 

The basic nutrient solution was supplemented with the A4 solution supplying boron, 
manganese, zinc and copper (Arnon, 3), 5 micrograms per liter of vanadium as 
NH,VO, and 4 milligrams per liter of iron as the ethylene-diamine tetra-acetate com- 
plex (Fe-EDTA). Variable amounts of molybdenum (as MoO.) were added, as indi- 
cated, to the individual culture bottles. 

The Fe-EDTA solution was prepared by a modification of Jacobson’s (14) proce- 
dure. 16 grams of EDTA and 10.4 grams of KOH were dissolved in 186 ml. of water. 
This solution was mixed with an iron solution made by dissolving 13.7 g FeSO, - 
7 H,0 (»low in Mn» grade)) in 364 ml. of water. Air was bubbled overnight through 
the mixture to oxidize the iron to the ferric form. 1 ml. of the final solution con- 
tained 5 mgs. of Fe and 13 mgs. of K. The final solution which had a pH of approxi- 
mately 3 showed no signs of precipitation on standing for at least 1 year. 

The complete nutrient solution except for phosphate was sterilized by autoclaving 
at 15—20 lbs. for 20 minutes and allowed to cool. The phosphate solution was auto- 
claved separately, cooled and added to the nutrient solution. After the addition of 
phosphate the pH of the nutrient solution was between 6.7—7.0. All operations after 
autoclaving were carried out under aseptic conditions. 
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purified from metal contaminants by a modification of the copper sulfide co-precipi- 
tation procedure (Meagher, 17). The procedure used here included an alkaline co- 
precipitation for the removal of cobalt, nickel, vanadium, etc., followed by an acid 
co-precipitation step for the removal of molybdenum. In the alkaline co-precipitation 
step 100 mg. of Cu as CuSO, : 7 H,O and 2 g. CaCO, were added to a liter of a molar 
solution of each of the three salts. After the solutions were brought to a boil, H,S was 
bubbled for 20 minutes, the solutions were allowed to cool and the resulting preci- 
pitate allowed to settle overnight. The solutions were filtered on folded Whatman 
No. 12 filter papers which were previously washed with 3 N HCl. The filter papers 
were thorougly rinsed, prior to use, with glass-distilled water to remove the acid. The 
removal of the acid was considered adequate when a test of the rinsed filter paper 
indicated a pH not lower than 4. The residue from the filtration was discarded. The 
filtrate was prepared for the acid co-precipitation step by being acidified to pH 4 
with 1 N H,SO,. The CuSO, precipitation was then repeated as above except that 
the CaCO, was omitted. Tank nitrogen gas was bubbled for 1—2 hours through the 
filtrate from the second co-precipitation step to remove any remaining H,S. The 
volume of each stock solution was restored to 1 liter with glass-distilled water. 

The phosphate stock solution was prepared by purifying a molar solution of 
KH,PO, by two successive co-precipitation steps as described above except that 
CaCO, was omitted from the first step and the filtrate was not further acidified in 
the second step. The purified solution was neutralized with solid C.P. KOH to give a 
KH,PO, :K,HPO, ratio of fst. 

The purity of the stock solutions was tested by the dithizone test (Stout and 
Arnon, 25). Purification was considered satisfactory if the remaining level of metal 
impurities corresponded to less that 5X10-*% g Zn per liter. 


(2) Purification of nutrient salts. Stock solutions of KNO,, MgSO, and CaCl, were 


Culture bottles and accessories 


As already mentioned, the bottles and the aerators were of Pyrex glass. Following 
the completion of an experiment all glassware was cleaned, thoroughly rinsed with 
tap water and allowed to dry. It was then soaked overnight in cleaning solution, 
again rinsed with tap water and washed with a hot solution of trisodium phosphate 
(Oakite), followed by a thorough rinsing with distilled water. As a final step prior 
to use, all glassware was washed with 3 N HCl and rinsed 6 times with glass distilled 
water. 

The rubber stoppers were boiled in an Oakite solution and rinsed thoroughly with 
a Be They were then soaked in 3 N HCl and thoroughly rinsed with glass- 

The assembled clean culture bottles were autoclaved prior to use. The requisite 
amounts of molybdenum were added to each bottle prior to autoclaving. 


Inoculum 


The algae used for inoculation were grown by consecutive transfers in the nutrient 
solution (minus molybdenum) as described above except that the nutrient salts were 
not purified. Molybdenum was not added, in order to produce a low-molybdenum 
inoculum. Sufficient molybdenum remained as an impurity to satisfy the require- 
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ments of the algae for a limited time. 2—3 day old, vigorously growing cultures 
which had attained a cell density of 30,000 to 40,000 cells per mm? were used for 
inoculation. An entire batch of the nutrient solution was inoculated at one time at 
a rate of 107 cells per liter. 240 ml. of the inoculated nutrient solution was poured, 
under aseptic conditions, into each of the culture bottles. 


Growth measurements and chemical determinations 


30 to 40 ml. of the culture medium was removed daily under aseptic conditions 
for growth measurements and chemical determinations. Packed cell volume (fresh 
weight) was determined as follows: an aliquot of the culture medium was centrifuged 
to sediment the cells; the supernatant fluid was discarded. The sedimented cells 
were washed with water and re-centrifuged. The supernatant fluid was discarded 
and the sedimented cells were resuspended in water and transferred into graduated 
sedimentation tubes. These were centrifuged in a horizontal position and the volume 
of the sediment determined. For dry weight determinations the sedimented cells 
were resuspended in water, transferred into tared beakers, and dried overnight at 
80° C. Cell counts were made in a haemocytometer on aliquots of suitable dilution. 

Chlorophyll was measured as previously described (Arnon, 4) except that methanol 
was used to extract the pigment from the cell. Independent tests with the two solvents 
gave the same chlorophyll values within the limits of experimental error. Chlorophyll 
(a+b) was determined on algal cells separated from the culture medium by centri- 
fugation. Two successive extractions, carried out in a 60° C water bath, removed 
chlorophyll completely from the cells. The extracts were centrifuged and the super- 
natant fluids combined for the measurement of chlorophyll. 

Total nitrogen was determined by the micro-Kjeldahl method (9) on aliquots of 
algal suspension containing between 0.25 to 0.75 mg. N. The algal cells used for 
nitrogen determinations were sedimented by centrifugation and washed twice by 
resuspension in distilled water followed by centrifugation. 


Results 


Effect of molybdenum on growth 


The procedures used in the present investigation for purifying the nutrient 
medium were more effective than those used earlier (Arnon, 5). This is 
evidenced by the almost complete failure of growth without added molyb- 
denum (Figures 3 and 4; cf. with Figure 1 in reference 5). 10? g. Mo per 
liter of nutrient solution (0.001 ppb Mo) was clearly insufficient throughout 
the entire growth period. 10 $ g. Mo per liter was sufficient almost up to the 
third day but began limiting growth when production of dry cell matter 
exceeded 2 g/liter. 10-7 g. Mo per liter was fully adequate to sustain vigorous 
growth. No increase in growth was obtained by a ten-fold increase in con- 
centration (10% g. Mo/l). A further ten-fold increase in concentration (10s 
g/l) appeared to be only slightly inhibitory. These and the previous results 
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cells per liter of nutrient solution) 
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(Arnon, 5) confirm the remarkably great spread, characteristic for molyb- 
denum, between the adequate and toxic levels of supply, as noted in the first 
experiments on the essentiality of this element for green plants (Arnon and 
Stout, 7). 


The molybdenum requirement of a single cell 


The unicellular character of Scenedesmus has made it possible to determine 
the molybdenum requirement in terms of atoms per single cell. The relation 
between the concentration of molybdenum in the nutrient medium and the 
number of algal cells is shown in Figure 5. The number of cells in the minus- 
molybdenum culture served as a blank, since it represented growth at the 
expense of the molybdenum contained in the inoculum and in the residual 
impurities of the nutrient medium. By subtracting this blank from the 
number of cells in the cultures to which molybdenum was added, net cell 
counts representing growth as a function of molybdenum concentration were 
obtained. 

The values for the molybdenum requirement per cell, given in Table 1, 
represent maximum figures, since it was assumed that all the molybdenum 
added to the nutrient solution was used by the algae. The molybdenum 
requirement per cell was computed at three different levels of molybdenum 
concentration in the nutrient solution: two representing a restricted, and one 
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Figure 4. Effect of molybdenum on the dry weight (g. dry weight of cells per liter of 
nutrient solution) of Scenedesmus. (10-° g. Mo per liter of nutrient solution—1 ppb.) 


Figure 5. Effect of molybdenum on the number of Scenedesmus cells (number of cells 
x10-° per liter of nutrient solution). (10—6 g. Mo per liter of nutrient solution=1 ppb.) 


an adequate level of supply (cf. Figure 5). At all three levels the most rapid 
cell division occurred when the molybdenum supply was above 3000 atoms 
per cell. In the molybdenum-restricted cultures no cell division occurred when 
the molybdenum supply dropped to 1500—1700 atoms per cell. 


Table 1. Number of Mo atoms per cell in Scenedesmus. 


A Restricted Mo. supply Avlequate Mo supply 
=F, 
Age of 10-9 g/l 10-8 g/l 10 g/l 
eulture | | cS —-- — | 
(days) Net* cell ts à Net* cell tee Mo Net* cell Atom 
count | We | count cell** count er celles 
NET AIN PEL Fe x10—8/1 | Per x10-81 | P 
| | 
| | 
0 0.1 630,000 0.1 6,300,000 0.1 63,000,000 | 
3 23 2,700 | 290 2,200 450 14,000 
4 40 1,600 | 340 1,800 | 1500 4,200 | 
| o 37 1,700 430 1,500 2300 2,700 
| 6 37 1,700 420 1,500 2600 2,400 


* Obtained by subtracting the number of cells in the minus Mo culture. 


gram-al 


oms Mo 


** Computed by the formula: 


net cell count 


XAvogadro’s No. 
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Figure 6. Microphotographs of Scenedesmus cells stained with iodine. a. Normal. b. Molyb- 
denum-deficient. 


Considering the large errors inherent in this type of computation the 
quantitative agreement between the molybdenum requirement per cell 
reported earlier (Arnon, 5) and that found in the different cultures used in 
the present investigation is considered excellent. 


Symptoms of molybdenum deficiency in Scenedesmus 


Suspensions of cells from normal and molybdenum-deficient cultures were 
stained on glass slides with a dilute iodine solution and photographed. The 
microphotographs are shown in Fig. 6a and 6b. 

The molybdenum-deficient cells, by contrast with normal cells, stained 
blue indicating the presence of appreciable quantities of starch. The 
molybdenum-deficient cells also showed no evidence of cell division, In both 
these respects the molybdenum-deficient cells were similar in appearance to 


the nitrogen-deficient Scendesmus cells grown in parallel cultures to which 
molybdenum was added. 
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Nitrogen assimilation 


The nitrogen starvation suggested by the appearance of the molybdenum- 
deficient cells was borne out by chemical determinations of their nitrogen 
assimilation. As illustrated in Figure 7 the molybdenum-deficient cells assi- 
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Figure 9. Resumption of chlorophyll synthesis 
(expressed as mgs. chlorophyll synthesized by 
cells contained in one liter of nutrient solution) 
upon the addition of 1.3X10—* g. Mo per liter 
of nutrient solution. 
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milated only a minute amount of the nitrogen supplied in the nutrient solu- 
tion. Nitrogen assimilation in the normal cells proceeded vigorously up to 
the fourth day, when almost all of the nitrogen added to the medium was 
used up. 


Molybdenum in relation to chlorophyll formation 


A striking feature previously observed in molybdenum-deficient cells was 
their low chlorophyll content (Arnon, 5; Loneragan and Arnon, 16). Figure 8 
shows that this was also the case in the present investigation. The relation 
between molybdenum and chlorophyll is evident whether it is expressed on 
a cell content basis (per cent dry weight) or as milligrams of chlorophyll 
formed per liter of culture medium. 

Chlorophyll content increased with increasing molybdenum supply within 
the range investigated. This is especially interesting at the highest concentra- 
tion of molybdenum (10~° g./l) which, though associated with the highest 
chlorophyll synthesis, produced no further increase in growth (Figures 3 
and 4). For any one level of molybdenum supply the chlorophyll content of 
cells progressively decreased as growth increased after the fourth day. 

The addition of molybdenum to molybdenum-deficient cells resulted in a 
prompt and sharp increase in chlorophyll synthesis (Fig. 9). It was previously 
shown (Arnon, 5) that this increase in chlorophyll coincided with an increase 
in growth (cf. Figures 2 and 3 in reference 5). 


Discussion 


The results obtained in these and many other similar experiments in which 
the same purification methods of the nutrient medium were used leave little 


MOLYBDENUM IN RELATION TO NITROGEN METABOLISM I 549 


doubt that, when nitrate is the sole source of nitrogen, molybdenum is in- 
dispensable for the growth of Scendesmus. As reported earlier (Arnon, 5), 
the requirement for molybdenum was found to be specific. Molybdenum 
deficiency was corrected by the addition of this element but not by that of 
22 others (the remaining elements in the B7 and C13 solutions; cf, Arnon, 3). 

The quantitative requirement for molybdenum by Scenedesmus cells was 
found to be extremely low. In terms of atoms per cell, good growth occurred 
with 3000 atoms per cell. When the supply was reduced to 1500-1700 atoms 
per cell, no cell division took place. These findings invite comparison with 
those reported by Burk for Azotobacter (10). He found that Azotobacter 
required 10000 atoms of Mo for optimum nitrogen fixation. Taking the 
average diameter of a Scenedesmus cell at 12 and that of Azotobacter as 
2 microns (10) one arrives at the ratio of the cell volumes of Scenedesmus to 
Azotobacter as 216 to 1 (ratio of the diameters cubed). This suggests that on 
a unit cell volume basis, the optimum concentration of molybdenum in 
Azotobacter is approximately 700 times as great as in Scenedesmus. 

If the quantitative requirement for molybdenum by Scenedesmus is ex- 
pressed in terms of concentration of this element in the nutrient solution, 
remarkably good agreement is found with the low values reported by 
Agarwala and Hewitt (2) for cauliflower. The supply levels at which 
molybdenum deficiency could be shown were 10°? to 108 g. Mo per liter for 
Scenedesmus as against 5X 10? to 5X 10 g. Mo per liter of nutrient solution 
for cauliflower (2). 

The extremely low quantitative requirement for molybdenum argues 
strongly for the catalytic function of this element in the metabolism of the 
cell. The failure of molybdenum-deficient cells to assimilate nitrate nitrogen 
supports the view that in Scenedesmus, as in Neurospora (20, 21), molyb- 
denum acts as the specific metal component of nitrate reductase. 

Less obvious is the reason for the marked association of molybdenum with 
chlorophyll synthesis. Using tomato as a test plant, Hewitt and McCready 
found (12), as we did with Scenedesmus, a marked reduction in the chloro- 
phyll content of the Mo-deficient plants when nitrate was a source of nitrogen. 
With ammonium nitrogen however, they found the chlorophyll content of 
Mo-deficient plants to be actually higher than in the controls. In the light of 
the data presented elsewhere (Ichioka and Arnon, 13) it seems probable that 
the molybdenum effect on chlorophyll is indirect and is related to the 
assimilation of nitrate-nitrogen. 


Summary 


In a purified nutrient medium in which nitrate served as the sole source 
of nitrogen, molybdenum was essential for growth and cell division of the 


green alga, Scenedesmus obliquus. 
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The requirement of molybdenum was found to be extremely low: to de- 
monstrate marked deficiency the concentration in the nutrient solution had 
to be reduced to a range between 10° and 10 $ g. Mo per liter of nutrient 
solution. : 

To assure good growth ca. 3000 atoms of molybdenum per cell were 
required, No cell division occurred when the supply of molybdenum was 
reduced to 1500-1700 atoms per cell. 

Molybdenum deficient cells failed to assimilate nitrate nitrogen. Micro- 
scopic examination revealed the accumulation of starch and a general 
appearance similar to that of nitrogen-starved cells. 

Molybdenum deficiency was associated with a marked reduction in chloro- 
phyll content. The chlorophyll content increased with increasing molybdenum 
concentration in the nutrient solution. 


This work was aided in part by a grant from the Climax Molybdenum Company, 
New York, N. Y. We are indebted to Dr. C. M. Johnson for his many helpful sug- 
gestions on the purification of nutrient salts. 
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Introduction 


The preceding paper (2) reported the essentiality of molybdenum for Scene- 
desmus obliquus (Strain D 3) when nitrate was used as the sole source of 
nitrogen. In the current investigation the requirement for molybdenum has 
been abolished when nitrate was replaced by either urea or ammonia. The 
results suggest that in Scenedesmus the function of molybdenum is limited 
to nitrate reduction. This seems to provide the first instance in the nutrition 
of green plants in which the essentiality of an inorganic element is linked 
with only one enzyme system. The bypassing of the specific »metabolic block » 
caused by the deficiency of molybdenum rendered this essential element 
dispensable. With other organisms the substitution of a reduced form of 
nitrogen for nitrate has not abolished the requirement for molybdenum (lite- 
rature cited in 2). 


Methods 


The apparatus for growing algae, culture bottles, methods of inoculation, 
growth measurements and chemical determinations were the same as those 
described in the preceding paper (2). 

Except for the different nitrogen regimen, the nutrient solutions were also 
the same as those previously described (2). 0.0005 M Ca (NO,), was used as 
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a source of calcium in all cultures instead of CaCl, (2). The small amount of 
nitrogen contributed by the Ca(NO,), was of little quantitative importance 
relative to the large requirements of this element for growth. Molybdenum 
was added to the plus molybdenum cultures at a concentration of 10-6 g. 
Mo per liter of nutrient solution (1 ppb.). 

The purification and preparation of the nutrient solutions were the same 
as described earlier (2). Urea and (NH,),CO, solutions were sterilized by 
filtration and added to the autoclaved nutrient solution. Ca(NO,), was as 
free from molybdenum as CaCl, (2). Urea was purified by two recrystalli- 
zations from H,O. A molar stock solution of the purified urea was used in 
making nutrient solutions. 

For the preparation of purified ammonium carbonate, NH,OH (C. P. 
grade) was distilled into water. Tank CO, gas was bubbled into the distillate 
until the pH fell to 8. The molarity of the resultant ammonium carbonate 
solution was determined by titration with 0.01 N H,SO,, with methyl red- 
bromcresol green as an indicator. 


Results 


I. Normal N supply 


Effect of Mo and N source on growth and chlorophyll. The cultures were 
divided into three series, each supplied at the start with 20 millequivalents 
of nitrogen per liter from one of three sources: potassium nitrate, urea or 
ammonium carbonate. Within each series molybdenum was added to half 
of the cultures. 

Figure 1 shows that in the nitrate series no growth occurred without added 


Figure 1. Effect of molybdenum on 
growth of Scenedesmus supplied 
with nitrate, ammonia, or urea nt- 
trogen. (Ordinate represents grams 
dry weight of cells per liter of 
nutrient solution.) 
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Figure 2. Effect of molybdenum on 
chlorophyll formation by Scenedesmus 
supplied with nitrate, ammonia, or urea 
nitrogen. (Ordinate represents milli- 
grams of chlorophyll synthesized by 
cells contained in 1 liter of nutrient 
solution.) 


MGS. CHLOROPHYLL 


molybdenum (cf. 2). By contrast, the addition of molybdenum had no effect 
on growth with either urea or ammonia nitrogen. The effect of molybdenum 
on chlorophyll formation (Figure 2) paralleled the effect of this element on 
growth. Without added molybdenum, chlorophyll synthesis was completely 
arrested in the nitrate series but not in the urea or ammonia series. 

The conclusion was drawn from these experiments that molybdenum is 
required solely for nitrate reduction. The effect of molybdenum on chloro- 
phyll was observed only in the nitrate cultures and could be explained by 
its effect on nitrogen metabolism. 

The dispensability of molybdenum when either ammonia or urea were used 
as sources of nitrogen was further tested as described in the following section. 


Il. Restricted N supply 


Effect of Mo and N source on growth. The cultures in these experiments 
were divided into two series, one supplied with urea and the other with ammo- 
nium carbonate. The general design of the experiments was to supply a 
restricted amount of ammonia or urea (0.035 M) to plus- and minus-molyb- 
denum cultures in each series. On the fourth day, when the nitrogen supply 
was exhausted, each series was subdivided into 3 groups. One group served 
as a control and received no further addition of nitrogen; the second group 
received an addition of KNO,. If molybdenum were present as a contaminant 
in either the urea or ammonia media it would have permitted the assimilation 
of the added nitrate in the cultures with no added molybdenum. No such 
effect was observed, indicating the purity of the urea or ammonia used. The 
third group of cultures with a restricted nitrogen supply received an addition 
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Figure 3. Effect of molybdenum on 
utilization of supplementary nitro- 
gen added to Scenedesmus grown 
with a restricted supply of ammo- 
nium carbonate. At times indicated 
by arrow 20 milliequivalents of ni- 
trogen were added. Left — control: 
center — potassium nitrate; right — 
ammonium carbonate. (Ordinate re- 
presents mls. packed cells per liter 
of nutrient solution.) 
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of either urea or ammonium carbonate. The addition of supplementary nitro- 
gen on the fourth day consisted of 20 milliequivalents of N per liter of 
nutrient solution. 

Figures 3 and 4 illustrate the effect of molybdenum and different sources 
of nitrogen on growth as measured by packed cell volume. When either urea 
or ammonia was used as the initial nitrogen source, molybdenum had no 
effect on growth. On the fourth day, when the then limiting nitrogen supply 
was augmented by additions of the various nitrogen salts, molybdenum exer- 
cised a differential effect on their utilization, Potassium nitrate gave a prompt 
and sharp increase in growth only in the presence of molybdenum, whereas 
urea and ammonia were utilized at about the same rates with or without 
molybdenum. 

A differential effect of molybdenum on growth with nitrate versus that 
with ammonia and urea is seen in Figures 5 and 6, which represent dry 


Figure 4. Effect of molybdenum on Eon 
utilization of supplementary nitro- 
gen added to Scenedesmus grown 
with a restricted supply of urea. At 
times indicated by arrow 20 milli- 
equivalents of nitrogen were added. 
Left — control; center — potassium ni- 
trate; right — urea. (Ordinate repre- 
sents mls. packed cells per liter of 
nutrient solution.) 
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Figure 5. Effect of molybdenum on 
utilization of supplementary nitro- 
gen added to Scenedesmus grown 
Dai "a with a restricted supply of ammo- 
foe | nium carbonate. At times indicated 
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by arrow 20 milliequivalents of ni- 
trogen were added. Left — control; 
center — potassium nitrate; right — 
ammonium carbonate. (Ordinate re- 
presents grams dry wt. of cells per 
oe Ne Bae pee liter of nutrient solution.) 
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weight. The restriction in dry weight accumulation, whether resulting from 
a limiting nitrogen supply or a molybdenum deficiency, was less pronounced 
than the restriction in cell volume. This is probably due to the continuing 
accumulation of starch under conditions of nitrogen starvation. Starch accu- 
mulation in the deficient cultures would also explain the apparent lag in 
response to added nitrogen, as measured by dry weight (compare with 
Figure 3). 


Effect of molybdenum on assimilation of different sources of nitrogen 


The dispensabilitÿ of molybdenum for the assimilation of urea and am- 
monia and its indispensability for the assimilation of nitrate nitrogen is shown 
in Figures 7 and 8. These direct data on nitrogen assimilation provide a 
sharper indication of the role of molybdenum than growth measurements by 


Figure 6. Effect of molybdenum on 
utilization of supplementary nitro- 
gen added to Scenedesmus grown 
with a restricted supply of urea. 
At times indicated by arrow 20 mil- 
liequivalents of nitrogen were ad- 
ded. Left — control; center — potassi- 
um nitrate; right — urea. (Ordinate 
represents grams dry wt. of cells 
per liter of nutrient solution.) 
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Figure 7. Effect of molybdenum 
on assimilation of supplementary 
nitrogen by Scenedesmus grown 
with a restricted supply of am- 
monium carbonate. At times in- 
dicated by arrow 20 milliequi- 
valents of nitrogen were added. 
Left — control; center — potassium 
nitrate; right — ammonium car- 
bonate. (Ordinate represents 
mgs. nitrogen assimilated by 
cells contained in one liter of 
nutrient solution.) 
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Figure 8. Effect of molybdenum on 
assimilation of supplementary ni- 


control; center — potassium nitrate; 
right — urea. (Ordinate represents 
mgs. nitrogen assimilated by cells 
contained in one liter of nutrient 
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Figure 9. Effect of molybdenum on x 
chlorophyll formation by Scenedes-  ,, 
mus grown with a restricted supply 
of ammonium carbonate. At times 
indicated by arrow 20 milliequiva- 
lents of nitrogen were added. Left — 
control; center — potassium nitrate; 
right — ammonium carbonate. (Ordi- 
nate represents mgs. chlorophyll +0) 
synthesized by cells contained in 20 
one liter of nutrient solution.) 
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‘ro Figure 10. Effect of molybdenum on 
chlorophyll formation by Scenedes- 
mus grown with a restricted supply 
of urea. At times indicated by ar- 
row 20 milliequivalents of nitrogen 
were added. Left — control; center — 
potassium nitrate; right — urea. (Or- 
dinate represents mgs. chlorophyll 
synthesized by cells contained in 
ı one liter of nutrient solution.) 
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dry or fresh weight. Limited increments in dry or fresh weight, resulting from 
the accumulation of carbohydrates, are conceivable under conditions of nitro- 
gen starvation. 


Effect of molybdenum and nitrogen source on chlorophyll 


The effect of molybdenum and different sources of nitrogen on chlorophyll 
formation is shown in Figures 9 and 10. The data show a parallelism between 
the effects of molybdenum on nitrogen assimilation and chlorophyll synthe- 
sis. Molybdenum had no significant effect on chlorophyll formation when 
ammonia or urea served as a source of nitrogen. Molybdenum deficiency 
resulted in suppression of chlorophyll synthesis when nitrate was the source 
of nitrogen. 


Discussion 


The absence of any measurable molybdenum requirement when urea or 
ammonia were used as sources of nitrogen for Scenedesmus, supports the 
conclusion anticipated in the previous paper (2), that the function of molyb- 
denum in this organism is confined to nitrate reduction. The relation of 
molybdenum to nitrite assimilation in Scenedesmus is currently under inves- 
tigation. 

The purified ammonium carbonate and urea used made it unlikely that 
these two sources of reduced nitrogen contained significant impurities of 
molybdenum. This was particularly true of the ammonium carbonate which 
was prepared from distilled ammonia and CO, gas. With restricted nitrogen 
supply it was confirmed that these two compounds were free from detectable 
molybdenum contamination, In the restricted nitrogen series, all cultures 
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received initially ammonia or urea nitrogen and would have thus acquired 
whatever residual molybdenum contamination was left in these nitrogen 
sources. Yet when nitrate nitrogen was added later it was assimilated only 
by the plus molybdenum cultures. No effect of molybdenum was observed 
with either urea or ammonia. 

The striking correlation between molybdenum deficiency and failure of 
chlorophyll synthesis (cf. 2) has also disappeared when nitrate was replaced 
by ammonia or urea nitrogen. This suggests that the observed effect of molyb- 
denum on chlorophyll synthesis is indirect, and operates only when nitrate 
reduction is blocked. This sensitive relation between nitrogen metabolism 
and chlorophyll formation need not be related to the nitrogen content (6 per 
cent of the molecular weight) of the pigment itself. More likely, the sensitive 
relation between nitrogen assimilation and chlorophyll formation stems from 
the dependence of chlorophyll synthesis and function on association with 
specific proteins. When supplied with nitrate nitrogen molybdenum-deficient 
cells are unable to assimilate it and thus become, physiologically speaking, 
nitrogen-starved cells without any capacity for protein synthesis. 

Despite the distinct correlation between molybdenum and nitrate assimi- 
lation in Scenedesmus it appears certain that the role of molybdenum in the 
nitrogen metabolism of green plants in general is not confined to the reduc- 
tion of nitrate. In support of this conclusion we may cite the molybdenum 
requirement of blue-green algae for nitrogen fixation. The molybdenum 
requirement is specific and cannot be replaced by vanadium (Allen and Arnon, 
1). There is no valid evidence that the fixation of molecular nitrogen involves 
the formation and subsequent reduction of nitrate (Wilson and Burris, 4). 
Of special interest in this connection is the recently found (Shug et al., 3) 
association of molybdenum with hydrogenase from the anaerobic nitrogen- 
fixing bacterium Clostridium pasteurianum. 


Summary 


Scenedesmus was grown with and without added molybdenum in purified 
nutrient solutions to which nitrogen was supplied by one of three sources: 
potassium nitrate, urea or ammonium carbonate. 

Molybdenum was found to be essential for growth, nitrogen assimilation 
and chlorophyll formation only in the nitrate cultures, The requirement for 
molybdenum was abolished when nitrate was replaced by either urea or 
ammonium carbonate, 

The indispensability of molybdenum for the assimilation of nitrate nitrogen 
and the dispensability of this clement for the assimilation of ammonia or 
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urea nitrogen was observed by two experimental approaches. In one series 
of experiments an initially adequate supply of nitrate, urea or ammonia 
nitrogen was added at the start. In another series of experiments, all cultures 
were initially given a restricted amount of nitrogen either as ammonia or 
urea. The restricted nitrogen supply was later supplemented by additions of 
nitrate, ammonia or urea nitrogen. 


This investigation was aided in part by a grant from the Climax Molybdenum 
Company. 
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Introduction 


The literature concerning the respiratory quotient (R.Q.=CO,/O,) in 
higher plants has recently been reviewed by James. Earlier a thorough theo- 
retical treatment of the R.Q. and its connection with the total metabolism 
of the cells has been carried out by Tamiya based on experiments with 
Aspergillus oryzae. The R.Q. reflects the oxidation and reduction processes 
occurring in the living organism, and Tamiya showed that it is possible to 
calculate the R.Q. if the combustion quotients, i.e., the oxidation levels, 
of the substrate and of the substances formed are known. 


This is the consequence of the fact that an oxidation process is always coupled 
to a reduction process. Thus the oxidation of a certain amount of an organic com- 
pound to carbon dioxide and water is accompanied by the reduction of an equivalent 
amount of other substances. If the substance reduced is molecular oxygen, as is 
the case to a large extent in aerobic respiration, the R.Q. will be unity if tise substance 
oxidized is a carbohydrate, above unity if the substance is richer in oxygen than car- 
bohydrates, and below unity if the substance is poorer in oxygen than carbohydrates. 
But besides oxygen even other substances, usually metabolic intermediates, may serve 
as hydrogen acceptors, and this will of course affect the R.Q. value. This is the case 
in fermentation and — in the normal aerobic metabolism — in the biosynthesis of 
lipids, proteins, and other substances more reduced than the starting material which 
usually is carbohydrates. In plants with nitrate as a nitrogen source the reduction of 
the nitrate will also affect the R.Q. as has been thoroughly investigated by Yamagata. 
Such reduction processes increase the R.Q. On the other hand, oxidation processes 
not leading to evolution of carbon dioxide will have an influence on the R.Q. in the 


opposite direction. 
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Thus the R.Q. is determined not only by the nature of the substrates 
broken down but of the total metabolism of the cell. In most plant tissues 
with adequate oxygen supply the R.Q. is close to unity, corresponding to 
a complete oxidation of carbohydrates (cf. James). In growing tissues, how- 
ever, an influence on the R.Q. from the synthesis of new cell matter taking 
place there is to be expected, provided that the average oxidation levels of 
the substrate and the newly formed substances are not the same. Ruhland 
and Ramshorn reported for embryonic tissue R.Q. values considerably 
exceeding unity. Other investigators, however, have obtained R.Q. values 
deviating only slightly from unity even for embryonic tissue. Thus Wanner 
states that the R.Q. even in the meristematic part of excised wheat roots is 
about unity. Baldovinos obtained R.Q. values for different zones of young 
Zea roots under different conditions varying between 0.88 and 1.14. Kandler 
(1950), who cultivated excised Zea roots on a glucose medium with nitrate 
as a nitrogen source, found during the first four days R.Q. values above 
unity (up to 1.3). He also investigated the effect of the oxygen tension on 
the R.Q. of root tips and obtained evidence that the high R.Q. values of 
Ruhland and Ramshorn were due to fermentation processes caused by lack 
of oxygen. In a later paper Kandler (1953) has reported R.Q. values of 1.1 
— 1.2 for isolated embryos and roots of Zea cultivated with glucose as the 
substrate. His values show that the magnitude of the R.Q. is dependent on 
how much of the assimilated glucose is used for the formation of new cell 
substances. 

The present investigation deals with the respiration and the R.Q. in dif- 
ferent parts of young wheat roots. In order to study the influence of growth 
on these phenomena the experiments have been carried out with roots which 
have grown with different growth rates. The growth has been regulated by 
supplying, on the one hand, ß-indolylacetic acid (IAA) in growth-inhibitory 
concentrations, on the other hand, a-indolylisobutyric acid (IIBA), a growth- 
stimulating substance for roots. The measurements have been carried out 
both without and with the supply of substrate (glucose) to the root segments. 
Of particular interest in this connexion is the fact that the difference between 
the oxygen consumption in the first case (endogenous respiration) and in the 
latter one varies with the distance from the tip. This variation corresponds 
to the variation of the R. Q. 


Methods 


The experimental material was roots of wheat seedlings (Weibulls orig. »Eroica» ) 
m * “as . i ‘ : ; 
These were cultured under sterile conditions according to a method earlier described 
: # 5 : ne ea a . . ‘ 4 
and the methods used coincide also in other respects with those described by Eliasson 
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After culturing for two days in sterile nutrient solution the lengths of the roots were 
measured and they were cut into segments of desired lengths with razors. Before and 
after the respiration determinations the segments were weighed on a torsion balance 
after rapid surface drying on filter paper. As a measure of the fresh weight of a 
sample the mean value of these two weighings was used. The fresh weight determined 
in this way turned out to be the most exact measure of the amount of roots in each 
sample obtainable in a simple way. 

The gaseous exchange was measured at 25° C in a Warburg apparatus, the carbon 
dioxide’ output being determined according to the »direct method» described by 
Umbreit et al. In the Warburg flasks the root segments were suspended in 2.0 ml 
nutrient solution of the same composition as the growth solution (see Eliasson) but 
with the pH adjusted to 4.5. The respiratory determinations with the exception of the 
time experiments (figures 1 and 2) were started three hours after the excision of the 
roots. The endogenous respiration was determined for three hours with readings 
every 30 minutes. Then glucose solution was added from the sidearm of the flask, 
the glucose concentration of the main solution being 0.05 M. After half an hour for 
calibration the respiration was determined for another two hours. The number of 
segments in each flask varied from 40 to 120 owing to differences in their length and 
respiratory intensity. 


Results 


The experimental results are presented mainly in graphical form in figures 
1—6. Each curve is based on two or three series of experiments. The diffe- 
rences between the values obtained for the same material in different experi- 
ments only rarely exceed 20 per cent (see table 1). 

Figures 1 and 2 show the time course of the gas exchange and of the 
R.Q. without and with glucose supply. In the latter case the root segments 
have been placed in the glucose solution immediately after the excision. The 
determinations were started half an hour after the excision. These experiments 
have been carried out only with roots grown without supplied growth sub- 
stances. Segments from three different zones of the root have been used. 
Segment A, 0—4 mm from the tip, consists of the meristem and the main 
part of the extending zone (cf. Eliasson). Segment B, 4—10 mm from the 
tip, consists of the rest of the extending zone (about 1 mm) and the begin- 
ning of the differentiation zone, Segment C is taken 20—30 mm from the tip. 

The endogenous respiration is characterized by a strong decrease during 
the course of the experiment, while the gas exchange in presence of glucose 
is, on the whole, constant. This indicates that the decrease is due to lack of 
respirable materials (cf. James). This is consistent with the fact that the R.Q. 
decreases in the absence of glucose. This decrease may be explained as a 
consequence of the consumption of the normal respiratory substances, soluble 
carbohydrates, and decomposition of protoplasmic constituents as lipids and 
proteins. In the growing parts of the root the cessation of the reduction pro- 
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Figure 1. The time course of the endo- 
genous O2 uptake (solid lines), CO: 
output (broken lines), and R.Q. (solid 
lines). The positions in the root of the 
segments used have been: A 0—4 mm, 
B 4-10 mm, and C 20—30 mm from 
the tip. The roots have been excised 
at zero time. Each point represents 
the mean value of two experimental 
figures. 


Gas exchange 


Time in hours 


cesses involved in the synthesis of new cell substances will also have a 
decreasing effect on the R.Q. An interesting point is that the R.Q. values 
at the beginning of the experiments are greater than unity (1.08—1.15) in 
segments A and B but about unity in mature tissue. It is probable that these 
first determinations are close to the values of the intact root. The fact that 
the R.Q. is greater than unity for the two first segments in the beginning 
of the experiments and for all the segments in the later part of the experiments 
with glucose is obviously due to the synthesis of substances poorer in oxygen 
than carbohydrates. 

The experiments indicate some important divergences in the respiration 
between different parts of the root regarding the following points: 

1. There is a strong decrease in the gas exchange per unit fresh weight 
from the tip towards the basal part of the root. 

2. The effect on the respiration of the glucose supply is not so great 
in segment B as it is in the segments A and C. 

3. The decrease of the R.Q. is much smaller in segment B than in the 
segments A and C. 

The variation of these properties with the distance from the tip has been 
subjected to more exhaustive investigations. Besides roots with normal growth 
rate, roots with inhibited or stimulated growth have been used in these experi- 
ments, the inhibition being caused by IAA and the stimulation by IIBA. The 
length of the segments and their situation in the roots have been from the 
tip: I, 0—2 mm; II, 2—4 mm; III, 4—7 mm; IV, 7—10 mm; V, 10—20 mm; 
VI, 20—30 mm. Segment I consists mainly of meristematic tissue (cf. Elias- 
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Figure 2. The time course of the respira- 
tion in 0.05 M glucose solution. In other 
respects the experiments and the desig- 
nations correspond to those in figure 1. 
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son). The length of the extension zone varies with the growth rate. This zone 
thus occupies in the IAA roots the main part of segment II, in roots with 
normal growth segment II and the first half of segment III, and in IIBA 
roots the segments II and III. 


Table 1. Gas exchange for different segments of wheat roots per gm fresh weight and hour. 

The seedlings cultured for two days in sterile growth solutions at 22° C in dark. Growth 

in length 4.1 cm. The endogenous respiration was determined 3—6 hours after excision 
and then glucose was added. 


Segment (mm Endogenous respiration Respiration after addition of glucose 


from the tip) DO, ul CO, ul O, ul CO, 


1,184 968 1,533 1,422 
1,277 | 1,023 1,582 1,411 
1,395 | 1,238 | 1,581 1,486 

780 715 978 986 


798 754 | 939 958 
778 723 | 944 925 


| 524 519 639 646 


| 
| 
4—7 { 589 600 595 636 
| 
| 


517 517 582 611 
534 550 | 493 521 
391 372 442 468 
322 283 413 408 
366 344 400 402 
301 253 | 363 344 
234 185 | 311 284 
276 240 359 350 


20— 30 
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Figure 3. The increase in the O2 uptake caused by glucose supply in per cent of the 

endogenous O2 uptake. The endogenous O2 uptake was measured during the period 3—6 

hours after the excision. Then glucose was added to a concentration of 0.05 M and the 

respiration determined for another 2 hours. The figures in parentheses show the growth 
in length of the roots during the culture period. 


The first problem — that of the rate of respiration in different parts of the 
root — has been dealt with in the paper by Eliasson. It is chiefly a problem 
of units of respiring matter (cf. James). Mainly for the purpose of giving 
a picture of the experimental data from which the other values are calculated, 
the values of the oxygen uptake and the carbon dioxide output per unit fresh 
weight for normal roots are given in table 1. There is a strong decrease 
particularly during the extension growth. Wanner has obtained similar values 
with the same material. 

In determinations of R.Q.s and respiratory drifts, however, the only re- 
quirement on the unit of respiring material is that it must be as good a 
measure as possible of the respiratory capacity of parallel samples. As such 
a measure the fresh weight is quite satisfactory. Also when studying how 
the effect of glucose on the respiration varies in different parts of the root, 
it is possible to avoid the difficulties regarding the unit of respiring matter 
by comparing the increase in respiration caused by the addition of glucose 
calculated as a percentage. In figure 3 the percentual increase in oxygen 
uptake for different parts of the roots investigated is recorded. The effect of 
the glucose is considerably less in the final part of the extension zone than 
in the other parts. This may be considered in connexion with the fact that the 
decrease of the oxygen uptake without external substrate is smallest in the 
same part of the root (figure 1). The results imply that the respiration in 
the latter part of the extension zone and in the beginning of the differentia- 
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Figure 4—6. The variation of the R.Q. with the distance from the tip. Solid lines: Without 

substrate, during the period 3—6 hours after the excision. Broken lines: After addition 

of glucose, 6.5—8.5 hours after excision. The seedlings cultured for two days in sterile 

growth solution at 22° C in the dark. Figure 4: without growth substances, growth in 

length 4.1 cm. Figure 5: IAA, 2X 10-° M, growth in length 2.1 cm. Figure 6: IIBA 3x 10-% 

M, growth in length 5.3 cm. -— The points on the curves represent mean values of two 
or three experimental figures. 


tion zone is not so easily affected by lack of substrate as it is in meristematic 
tissue and in older parts of the root. 

The above suggestion is supported by the fact that the R.Q. shows a 
corresponding variation with the distance from the tip (figures 4—6). Both 
with and without supplied substrate the R.Q. shows a maximum at the end 
of the extension zone and is much lower in the apical and the basal parts 
of the root. This suggests that the respiratory material in this part of the root 
even in endogenous respiration is mainly carbohydrates. If this is true, it 
will explain why the need for substrate supply is not so great for this part of 
the root. Noteworthy is also the fact, that in this part the increase of R.Q. 
as a consequence of the glucose supply is considerably less than in the 
meristem and in the mature tissue, Further, a comparison with the experi- 
ments in which the segments were kept in the glucose solution for the entire 
period (figure 2) shows that the R.Q. in these parts of the root will only 
be partly restored as a consequence of the glucose supply. 

From figures 3—6 it is apparent that the differences between roots with 
different growth rates are mainly a consequence of the fact that the length 
of the extension zone is changed with the growth rate. Thus these differences 
may be interpreted as resulting from changes in the growth and the mor- 
phology of the roots. In other respeets the variation with the distance from 
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the tip is, regarding both the effect of the glucose and the R.Q., of a similar 
nature for roots grown in IAA or IIBA as for control roots. The fact that the 
maximal R.Q. values, particularly in endogenous respiration, are somewhat 
lower for IAA and IIBA roots suggests that the protoplasmic constituents in 
these roots are broken down more easily than in normal roots. The diffe- 
rence, however, is not fully significant. On the whole the results coincide 
with the earlier published evidence that there is no direct effect of the growth 
substances on the metabolism of the root cells. 


Discussion 


It seems reasonable to assume that the respiratory substrate in roots atta- 
ched to the plant is mainly carbohydrates, which are transported there from 
the endosperm (cf. the results of Albaum and Eichel regarding the metabolism 
of oat seedlings during germination). After the excision the carbohydrates 
available for the respiratory processes are rapidly exhausted with a decrease 
of the respiration as a consequence. Simultaneously there is a decrease in the 
R.Q. Kandler (1950) has obtained a similar decrease of the R.Q. in excised 
roots of Zea. This decrease was counteracted by supply of glucose to the 
roots in the same way as in the experiments described here. On the other 
hand, Baldovinos for Zea roots and Machlis for barley roots obtained an 
increase of the R.Q. with the time after the excision. 

The observed decrease of the R.Q. may according to the facts earlier dis- 
cussed be due to: 1. the cessation of reduction processes involved in syn- 
thesis of cell substances caused by lack of substrate and respiratory energy, 
2. utilization of reduced protoplasmic substances in the respiration. Kandler 
(1950), dealing with the theory of Ruhland et al. about an »aerobic fermen- 
tation» in embryonic tissue, considered the possibility that the increase of 
the R.Q. in such tissue may be due to fermentation processes induced by 
lack of oxygen. As a third possible cause of the decrease of the R.Q. the 
inhibition, due to lack of substrate, of such hypothetical fermentation proces- 
ses may thus be considered. 


As long as there is no accumulation of reduced degradation products like ethyl 
alcohol or lactic acid it seems, however, inappropriate to speak about fermentation. 
If the reduced substances are used for formation of normal cell constituents, the 
processes, from a physiological point of view, are of quite another nature than fer- 
mentation, an important characteristic of which is accumulation of degradation pro- 
ducts. The fact that the carbon dioxide output observed in the absence of molecular 
oxygen in higher plants is not always followed by a corresponding accumulation of 
such products (see Stiles and Leach) indicates that the phenomenon usually classi- 


fied as »anaerobic respiration» is not necessarily the same as fermentation (cf. also 
Goddard). 
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The increase of the R.Q. above the theoretical value caused by the reduction 
processes connected with the biosynthesis of new cell substances is relatively 
moderate even in parts of the root where there is an intense new formation 
of protoplasm. According to the material presented in this paper the increase 
for the growth zones of wheat roots will be from 1.0 to 1.1—1.2. Tamiya 
obtained for Aspergillus an increase of the same magnitude above the theore- 
tically calculated combustion quotient of the substrate. As a nitrogen source 
he used ammonium salts. Among others Yamagata has shown that the in- 
crease becomes considerably greater if the nitrogen is supplied as nitrate. In 
this case he obtained R.Q. values about 1.5 when using sucrose or mannose 
as the substrate. These high values were connected with a high growth rate. 
Kandler (1950) obtained R.Q. values up to 1.3 for excised Zea roots on a 
glucose-nitrate medium. 

Both the R.Q. gradient (figures 4—6) and the gradient of the »glucose 
effect» (figure 3) indicate that the available amount of substrate of the 
carbohydrate type is greater in the part of the root where the extension 
growth has just been completed than in other parts. It is, perhaps, not the 
_substrate in the cytoplasm at the excision, but that transported there from the 
vacuole or from the cell wall which is the more important. The high sensi- 
bility to lack of substrate showed by the meristematic tissue thus may be due 
to the fact that the proportion between the cytoplasm on the one hand and 
vacuoles and cell walls which may serve as substrate reservoirs on the other 
is quite another than in elongated cells. Besides, the fact that the cytoplasmic 
surfaces in embryonic cells are small in relation to the amount of cytoplasm 
must have an unfavourable effect on the absorbing capacity of the cytoplasm. 

During the extension growth the most apparent changes of the cells are 
the increase in size of the vacuole and the increase of the cytoplasmic sur- 
faces. Probably this is connected with important changes of the cytoplasm 
(cf. Morgan and Reith). After the cessation of the cell elongation there is a 
gradual change in the cytoplasm, among other things resulting in a decrease 
in the respiration per unit nitrogen (see Eliasson). Changes of this nature 
may affect the content of carbohydrates available for respiration in these 
parts of the root. At the end of the extension zone the plasma membranes 
may be supposed to be in a labile state. This means, on the one hand, that 
the organic substances dissolved in the cell sap may be easily absorbed by 
the cytoplasm and used as respiratory material, on the other hand, that there 
may be a dissolution of the substances deposited in the cell wall. Each of 
these possibilities may explain the results obtained. An equilibrium between 
carbohydrates in the cytoplasm and in the cell wall seems, however, to be 
rather probable in this part of the root where deposition of new cell wall 


material occurs. 
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There is considerable evidence of a close contact between the cytoplasm and the 
cell wall during growth (cf. Frey-Wyssling 1950). The processes in the wall are prob- 
ably regulated by enzyme molecules in direct contact with the wall or even pene- 
trating the intermicellar spaces thereof. Bryan and Newcomb found a high pectin 
methylesterase activity in the wall fraction obtained from growing cells of tobacco 
pith. The changes that occur in primary walls are reversible and chemical substances 
may be removed or replaced by others (Esau, p. 38). Frey-Wyssling (1952) has 
given electron-microscopic evidence of a dissolution of cellulose microfibrils close to 
the site where other fibrils are synthesized. Even if such a dissolution of cellulose 
fibrils is not a general feature of normal wall growth (cf. the mechanism of wall 
growth proposed by Roelofsen and Houwink), it is probable that the growth is de- 
pendent of a continuously occurring breakdown of chemical bonds in the intermicel- 
lar substances and the formation of new ones (cf. Kerr). Thus lack of soluble carbo- 
hydrates should lead to predominance of the dissolvent processes over the deposi- 
tion of new cell wall material. This coincides with the observation by Brown and 
Sutcliffe that the cellulose content of excised sections from the extension zone of 
Zea roots decreased if the sections were kept without sugar supply. 


Thus there is strong evidence that the conditions observed regarding R.Q. 
and the »glucose effect» are due ta an increased supply of soluble carbo- 
hydrates to the cytoplasm in the region of the root where the extension growth 
ends. This is probably due to the fact that the synthesis of cell wall sub- 
stances is to a certain degree reversible in this region, whereas the wall 
becomes protected to dissolving enzymes when the cells get older. 


Summary 


The respiration of serial segments of wheat roots has been determined. 
There is a strong decrease in respiration and in R.Q. during the first hours 
after the excision. This decrease is counteracted by glucose supply. 

The decrease of the R.Q. is greater in the meristem and in the mature tissue 
than in a region consisting of the last part of the extension zone and the first 
part of the differentiation zone. Besides, in this region the effect of the 
glucose is less than on other parts of the root. These facts can be explained 
by the assumption that the deposition of cell wall material is to a certain 
degree reversible and that, in the absence of substrate, there occurs a dis- 
solution of wall substances. 

Roots, whose growth has been inhibited or stimulated by growth substan- 
ces, exhibit the same features as normal roots in the respects investigated. 
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Earlier investigations (Stälfelt 1929, 1932) have shown that three kinds 
of movements can be distinguished in the guard cells of the stomata: 

1. Photoactive movements, i.e., those occurring as a result of processes 
within the guard cells (the guard cells being »active»), and which are initiated 
and driven by light energy. In those cases in which the guard-cell movement 
is purely photic and is thus uninfluenced by other processes, it follows the 
product law. This implies that the aperture is increased by the quantity of 
light absorbed. As a rule, however, the guard-cell movement is not purely 
photic, but is dependent on other factors as well, particularly the water 
deficit, i.e., the quantity of water utilized for saturation of the leaf. The 
quantity of light required to produce an opening movement of a certain size 
is usually dependent on the water deficit of the leaf. With a certain deficit 
— the optimal — the light requirement is minimal; the photoactive opening 
movement then takes place undisturbed by other processes. With both a 
higher and a lower deficit there are, on the contrary, additional reactions 
which cause closing movements; they therefore counteract the photoactive 
opening movement, so that it requires more light. 

2. Passive opening and closing movements. With a suboptimal water defi- 
eit, the guard cells are pressed together by the epidermal cells. When the 
deficit increases, the pressure is decreased and the guard cells open, and vice 
versa, The movements are thus determined by forces outside the guard cells; 
the cells themselves react only passively, That it is a question of a disturbance 
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in the equilibrium between the mutual pressure exerted by the guard cells 
and by the epidermal cells surrounding them is shown by the following 
observations, among others. The guard cells close if they are punctured by a 
micromanipulator (Heath 1938) and open if the turgor of the epidermal cells 
is decreased by, for example, trauma (Linsbauer 1917, Monzi 1938), trans- 
piration (Stälfelt 1929) or osmotic suction (Monzi 1938, Mouravieff 1951). 
Opening nevertheless requires the guard cells to be in the »expansion phase» 
(»Spannungsphase»), i.e., for their turgor pressure to be positive. 

3. Hydroactive movements. When the water deficit has exceeded a certain 
threshold value — the borderline of the supraoptimal area — a closing move- 
ment is produced; it is initially weak, but with a rising water deficit it 
increases rapidly in strength, so that the stomata are closed even in light. 
This movement has been denoted as the hydroactive closing movement be- 
cause it is initiated by the water deficit, and occurs owing to processes 
within the actual guard cells. (In their survey, Yemm and Willis (1954, p. 
393) have happened to give the term »hydroactive» movement a meaning 
that differs partly from the original meaning.) 

The photoactive opening movement is inhibited or made to regress by the 
hydroactive closing movement. A variable equilibrium is present between 
the former and the latter movement; it is altered automatically with the 
deficit, and it regulates the stomatal width at such values that the deficit is 
kept within certain limits. The two processes together constitute a hydro- 
photic regulator for the water consumption of the plant (Stalfelt 1929, 1932). 

The effect of the hydroactive closing movement is maximal at a deficit 
which is a few per cent higher than the deficit (threshold value) initiating 
the movement, At a light intensity of 8000 M.C., the closing movement starts 
in e.g. Vicia Faba at a deficit of 3 per cent, but is completed only at a deficit 
of 5 per cent (Stalfelt 1929). Other threshold values are: Betula, 4 per 
cent (Stalfelt 1932); Cissys sicyoides, 3—4 per cent (Thomas 1949) and 
Chrysanthemum maximum, 5 per cent of the water content of the fully 
turgid leaf (presumably corresponding to 3—4 per cent of the fresh 
weight of the turgescent leaf) (Yemm and Willis 1954). Pisek and 
Berger (1938) found that, under natural conditions, closure took place 
in the majority of herbs at a deficit between 10 and 15 per cent. Such 
cases have subsequently been thoroughly analyzed by Pisek and Winkler 
(1953). Their work shows that the threshold value of the water deficit — 
measured at 300, 2000 and 10,000 M.C. — changes with the age and exposure 
of the leaf. Shade forms are more sensitive than sun forms, e.g. the threshold 
value of shade needles of Picea excelsa was found to be 5—6 per cent, whereas 
that of the sun needles was 8—9 per cent. The value also varies with the 
ecological features and with the species properties. The threshold value for 
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the deficit was found to be 2—2.5 per cent in Fagus, 3—4 in Oxalis, 4—6 in 
Asarum, 5 in Quercus, 6—8 in Stachys and 9—10 per cent in summer-green, 
sun-exposed herbs in general. 

The higher the intensity of light, the greater is the deficit required to induce 
a complete closing movement (Stälfelt 1929, van den Honert 1941, Pisek 
and Winkler 1953). 

Further analysis of the stomatal mechanism presupposes, among other 
matters, knowledge of the changes in the osmotic value and of their relation 
to the movements of the guard cells and to the water deficit. 

As early as 1914, Iljin showed that the osmotic value changes with the 
movements of the guard cells. The value was up to 70 or 80 atmospheres 
higher in open guard cells than in the surrounding epidermal cells, but fell 
during stomatal closure, irrespective of whether it was induced by darkness 
or by great water loss. These results were confirmed by Steinberger (1922), 
who demonstrated further that the relation between the guard-cell movements 
and the osmotic value also appeared in saccharophylla Allium species; conse- 
quently, it is not invariably related to starch metabolism. 

Wilting leaves were used by Iljin and Steinberger for a study of the effect 
of the water deficit. It can, however, be presumed that the osmotic value is 
inftuenced even by a smaller deficit than that causing wilting. The following 
questions therefore arise. At what deficit does the osmotic value of the guard 
cells start to fall? Does the fall in the osmotic value occur before, con- 
currently with or after the initial phase of stomatal closure? The present 
investigation was made chiefly with a view to investigating these relations. 


Methods 


Solutions of saccharose were used for measurement of the osmotic value. The glass 
slide, which had a spherical groove in the centre, also served as a plasmolysis vessel. 
The sections could therefore be examined directly without transfer to another slide, 
although it proved necessary in some cases to move the sections from the groove onto 
the plane surface of the slide. Two sections and 40 pairs of guard cells were exa- 
mined in each specimen. The solution causing an approximately 50 per cent incidence 
of plasmolysis was taken as the incipient plasmolytic value. The determinations were 
made when the sections had remained in the solution for 30—45 minutes. Plasmo- 
lysis had by then attained a maximum, and subsequently regressed. The fact that 
plasmolysis of the guard cells does not reach any more stable state, but regresses 
rapidly was already observed by Steinberger (1922) and by Ijin (1923). 

The specimens were taken from the central parts of the leaves, but not from the 
apical, basal or marginal areas. 

Measurement of the width of the stomatal aperture was performed with the im- 
mersion method (Stälfelt 1929, pp. 188—190). A piece of leaf is excised and placed 
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in paraffin under an immersion objective (without cover-glass); 20 stomata are then 
measured with an ocular micrometer. 

The water deficit of the leaf may undergo rapid changes. It must therefore be 
measured with a fast-weighing scales. A Sartorius selecta was used for this purpose. 

Some difficulty is caused by the fact that the term deficit is ill-defined. As a rule, 
the water deficit of a leaf denotes the quantity of water that must be taken up by 
it to reach saturation. The saturation value is not, however, constant but varies with 
time. In the present investigation, the deficit has been calculated as the difference 
between the weight of the leaf on measurement and its weight when it had stood in 
water, in a closed vessel and in darkness for 12—16 hours. 

The same leaf was used for several determinations in the course of a day. In order 
to maintain the proportion between the venous network and the parenchyma, the 
specimens were taken in such a way that not only the flatter parts of the blade were 
excised, but also the corresponding parts of the midrib. 

The experimental object consisted of leaves of Vicia Faba, Rumex acetosa and 
Rheum rhaponticum. The leaves were severed, placed in darkness and saturated 
moisture, and were not used for experiments until the following day. In leaves treated 
in this way, the osmotic value was the same in the guard cells and in the epidermal 
cells, provided that the leaves had not suffered from any great lack of water during 
the immediately preceding days. 

The source of light consisted of 1000-watt lamps with a plane glow body. The light 
was cooled with running water, of which the depth could be regulated. 

The experimental temperature was kept at 20—22° C. The specimen leaf was 
placed in a glass dish with water-saturated filter paper; the dish was then placed 
in the light adapted for the experiment. On removal of the specimen, the leaf was 
weighed, and a piece of the blade was excised. The leaf was then re-weighed and 
was immediately returned to the light. Part of the specimen was used for measure- 
ment of the width of the stomata, and the remainder for plasmolysis. Further speci- 
mens were removed at fixed intervals. 


Experimental 


1. Objects with a suboptimal water deficit 


The water deficit of a severed leaf can be regulated within certain limits 
by modifying the water supply and transpiration. Considerable difficulties 
are, on the contrary, encountered in keeping the water deficit constant or 
practically constant, e.g. between 1 and 3 per cent, in an illuminated leaf. 
This is because the leaf transpires even in the moisture-saturated chamber; 
moreover, the water suction is altered owing to the cut surface. With the 
intensities of light used — as a rule 7200 M.C. — the change usually consisted 
of an increase in the deficit. Sometimes, however, the deficit remained fairly 
constant and in other cases it decreased, i.e., the turgor increased in light. 

Figure 1 shows one of the experiments in which the water deficit remained 
within the +2 per cent limit. The decreuse in the deficit during the subsequent 
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Figure 1. Relation of the width of the stomatal aperture to the osmotic value and to a 
suboptimal water deficit. The leaves, which had stood in darkness and saturated moisture 
for 16 hours, were exposed to 7200 M.C. from 6,45—10,30 and from 11,00—13,00, and 
were in darkness from 10,30—-11,00. — Water balance=increase or decrease, respectively, 
in water content of the leaf, expressed in °/o of fresh weight of the leaf. (A negative value 
is identical with a positive deficit.) — The deficit first increased to 2 °/o and then decreased 
to —2.5 °/o. It was thus suboptimal during the whole experiment. Stomata u and Stom. 
u=width of aperture in u (mean of 20 values). Osm. v.=incipient plasmolysis, i.e., the 
molar value of the cane sugar solution at which half of the guard cells (40 pairs examined) 
in the specimen showed some degree of plasmolysis. — Vicia Faba. 


part of the experiment is a result of the change from light to darkness. The 
determinations were made at approximately half-hour intervals between 
6,45 and 15,00 hrs. On two occasions, darkness was substituted for light. 
During the second dark period (13,00—15,00), the water supply to the leaf 
was interrupted, in order to prevent a further rise in trugor. 

Throughout the experiment, the deficit was suboptimal. The movement 
followed the osmotic value of the cells in both light and darkness. In light, 
the rise was relatively slow — the light intensity was only 7200 M.C. — 
whereas the decrease in darkness occurred more rapidly. As demonstrated 
earlier (Stalfelt 1927, p. 248), the osmotic value increased with the quantity 
of light. 

The course is in agreement with the traditional conception of the relation 
between the width of the stomata and light, i.e., the stomata open in light and 
close in darkness, the cause being the changes in the osmotic value due to the 
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Figure 2. Same kind of experiment as in Figure 1, except that the object was illuminated 
throughout the experiment. Light intensity 7200 M.C. The water supply was interrupted 
after 3 hours to hasten the increase in the deficit. — The deficit initiates regression of 
the osmotic value of the guard cells but not of the epidermal cells. At about the same 
time, the deficit reaches and exceeds the optimal value, i.e., the range of water loss 
(approx. 3 °/o) in which the pressure of the epidermal cells on the guard cells is minimal. 


In this area, the increase in the aperture is passive. A somewhat higher deficit — the 
supraoptimal — initiates a rapid closing movement: hydroactive closure. — Otherwise 
as in Figure 1. — Vicia Faba. 


effect of light. A particularly fine illustration of this relationship is found 
in a recent publication by Yemm and Willis (1954, p. 383). 

Thus, with a suboptimal water deficit, the relation of the guard-cell move- 
ments to light and to the osmotic value can be depicted as follows: 


Osmotic value rises 
Light = - > Photoactive opening 
Darkness 


Photoactive and passive closure + 
Osmotic value falls. 


Pressure from epidermal cells positive. 


2. Objects with supraoptimal and optimal deficits 


Figure 2 shows the results of an experimental series performed in the 
same way as that stated in Figure 1. The only difference is that the object 
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was exposed to light throughout the experiment, and the water deficit rose 
to higher values. Initially, there was only a slow increase in the deficit, In 
order to hasten its development, the leaf was deprived of water at 9,40 hrs. 

During the first two hours of illumination, the stomatal value followed the 
osmotic value of the guard cells, and both increased. However, when the 
deficit had reached the 2—4 per cent level, the osmotic value turned and it 
decreased, whereas a rapid increase took place in the width of the stomata, 
as a result of the decrease in pressure by the epidermal cells. Thus, this 
phase of opening was not only photoactive, but passive as well. When the 
deficit had increased further, and was between 4 and 15 per cent, the stomata 
started to close. Closure took place relatively quickly. It was not photoactive, 
there being no change in the light intensity, but was hydroactive, since it 
was initiated by the deficit. 

Experiments of the same kind as that in Figure 2 are recorded in Figures 3 
and 4. The experiment shown in Figure 4 was, however, made with leaves 
which, during the preceding days, had been exposed to water deficiency and, 
periodically, to wilting as well. This presumably explains the difference in 
the reaction with respect to the water content, which increased when the 
leaves were illuminated. It also explains why, at the beginning of the experi- 
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Figure 4. Same kind of experiment as in Figure 2, except for different pre-treatment. 

For a few days before the experiment, the leaf was subjected to water deficiency, which 

sometimes caused wilting. — At the beginning of the experiment (6,30) the leaf was turgid, 

but the turgor increased slightly until, after 6 hours (12,30), the leaf was deprived of 

water. The osmotic value falls with the water content of the leaf. A passive opening move- 

ment occurs at a deficit of 2—4 °/o. Hydroactive closure is initiated at a deficit of 4 °/o. 
— Otherwise as in Figure 1. — Vicia Faba. 


ment (6,30 hrs), the osmotic value of the guard cells was lower than that 
of the epidermal cells. This phenomenon was also observed by Steinberger 
(1922) in experiments with leaves that had been exposed to wilting. Finally, 
it explains the fact that the walls of the guard cells bulged inwards and were 
lacking in turgor when the experiment was started. Despite their low osmotic 
value, the guard cells were able to take up water from the epidermal cells 
and to open. This is because the pressure in their walls is slight or non- 
existent, in contrast to that of the epidermal cells, which are distended and 
highly turgid. 

The osmotic value of the epidermal cells exhibited, in distinction to that 
of the guard cells, only slight and irregular variations in experiments 2—4. 

In experiment 5 (Figure 5), leaves of Rheum rhaponticum were used. A 
piece of the blade was excised and placed in darkness and saturated moisture 
for 16 hours, after which it was examined. As in the previous case, the water 
deficit initiated a decrease in both osmotic value and stomatal width. In 
these respects, Rheum did not differ from Vicia Faba. 


38 
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Figure 5. Same kind of experiment as in Figure 1, except that the object was illuminated 
throughout the experiment. Light intensity 7200 M.C. The water supply was not inter- 
rupted. The object was thus exposed to constant illumination and supply of water. — 
The water content of the leaf nevertheless falls from the start (owing to mucus formation 
on the cut surface) and continues to fall until closure of the stomata, after which a 
slight increase occurs. The osmotic value starts to fall at a deficit of 3—4 °/o. At a deficit 
of 6 °/o, hydroactive closure starts. — Otherwise as in Figure 1. — Rheum rhaponticum. 


Work with Rheum nevertheless presented difficulties, since the cut surface 
was covered by mucus, which impeded the uptake of water and caused a 
rapid rise in the deficit. Consequently, Rheum was used in only a few ex- 
periments. Use was made instead of leaves of Rumex acetosa which, like 
the other experimental objects, was grown in the natural surroundings. The 
leaves of Rumex are larger than those of Faba, and the experiment can 
therefore proceed for a longer time before the blade has been used up by 
the removal of specimens. Furthermore, the changes in the deficit are more 
favourable, they take place more rapidly than in Faba, but more slowly than 
in Rheum and it is therefore easier to study their effects. 

Experiment 6 (Figure 6) was performed with Rumex acetosa. The size 
of the leaf permitted the experiment to be prolonged for several hours and, 
owing to the slow rise in the deficit, the stomatal regulator had time to take 
effect and to limit the water loss. As in the previous experiment, the decrease 
in osmotic value and in stomatal width were initiated by even a slight water 
deficit (1—2 per cent). The hydroactive closing movement decreased the 
opening value so rapidly that the increase in the deficit ceased at an early 
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Figure 6. Same kind of experiment as in Figure 1, except that the object was illuminated 
throughout the experiment. Light intensity 7200 M.C. The water supply was not inter- 
rupted. — After exposure to light at 7,00 the osmotic value, stomatal width and deficit 
rise. When the deficit reaches 1—2 °/o, hydroactive closure occurs and the osmotic value 
starts to fall. When the stomata are almost closed, the water content of the leaf rises 
and the stomata open partly again; this increases the deficit and hydroactive closure 
once more takes place. The water deficit is regulated to values between 1.5 and 3.5 °/o 
by means of the variable equilibrium between photoactive opening and hydroactive 
closure. The experiment shows the action of the hydrophotic regulator, its initiation by 
the deficit and the regulation of the deficit by the regulator. — Otherwise as in Figure 1. 
— Rumex acetosa. 


stage and the water balance of the leaf improved. The hydroactive closing 
reaction is weakened by the regression of the deficit; the photoactive opening 
reaction therefore once more dominates and a new opening phase starts. 
As a result, transpiration once again becomes greater, the deficit starts to be 
larger, the hydroactive closing reaction increases in strength for the second 
time, stomatal width decreases and development of the deficit ceases. By 
means of this balance between photoactive opening and hydroactive closure, 
the deficit is kept within relatively narrow limits. 

In the previous experiment, this last phase of the hydrophotic regulating 
mechanism did not appear, since the deficit reached such a high level so 
rapidly that the water balance could not be restored during the experimental 
period. 

Experiment 7 (Figure 7) is a repetition of experiment 6 and shows, on 
broad lines, the same course. After the stomatal width had fallen to 1—2 u 
on account of hydroactive movements the water deficit slowly regressed. 
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Figure 7. Repetition of the previous experiment, but the leaf was exposed to light with 
the lower side upward. The guard cells are therefore exposed to stronger light than in 
previous experiments, although the intensity is the same (7200 M.C.). — The rise in the 
osmotic value is greater than in preceding experiments, but stomatal opening ceases at 
the same value (about 10 u) and about the same deficit (2—4 °/o). When the stomatal 
aperture has decreased to 1—2 u, the water content starts to rise; hydroactive closure is 
thereby weakened, photoactive opening again starts to dominate and the stomata slowly 
open. — Otherwise as in Figure 1. — Rumex acetosa. 


The hydroactive process was ihereby weakened, and the stomata slowly 
reopened. During the secondary opening, the osmotic value fell. Consequently, 
Ihe secondary opening is not a result of the changes in the osmotic values. 
its cause is presumably to be sought in another process that is initiated by 
the deficit, and that is weakened with the regression of the water deficit. 

The stomatal width could have been expected to return to 10 u when the 
deficit decreased to 3—4 per cent, i.e., to the deficit value at which the 
primary opening reached a value of 10 u for the aperture. This did not, how- 
ever, occur, The experiment showed instead that the hydroactive closing 
reaction did not cease concurrently with the decrease in the deficit and its 
disappearance, but persisted as an after-effect. Because of this after-effect, 
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the opening cannot be as powerful as that occurring in the first instance, even 
though the external conditions are the same and the water balance of the 
leaf is also the same as on the primary opening. By means of this after-effect, 
the hydroactive reaction retains its controlling influence on the stomatal 
mechanism for some time after cessation of the deficit, 


The Stomatal Effects of the Water Deficit 


It is evident from the present experiments, as well as from those made 
earlier (Stälfelt 1929, 1932), that a causal relationship exists between the 
stomatal movements and the water deficit of the leaf, and that the deficit 
has several effects. Briefly, they can be described as follows. 

With an optimal deficit, photoactive opening meets with inappreciable 
resistance or none at all: the epidermal cells exert little or no pressure on 
the guard cells; the hydroactive closure does not participate. The optimal 
deficit is confined to a narrow area immediately below the threshold value 
of the hydroactive reaction. In this area, the movement of the guard cells 
is determined by the light alone. 

Thus, with an optimal deficit, the guard cells react according to the follow- 
ing schema: 


Light — > Photoactive opening 
Photoactive closure *———— Darkness 


With a supraoptimal water deficit, the stomatal movements are, on the 
contrary, controlled by the hydrophotic regulator, i.e., by the variable equi- 
librium between photoactive opening and hydroactive closure. As already 
mentioned, the initiating deficit varies in different species. Exact determina- 
tion of its magnitude requires frequent, consecutive measurements at close 
intervals (Stälfelt 1929). Such measurements could not be made in the 
present investigation. This was because it was necessary to use long time 
intervals, in order to save the leaf, so that the experiment could cover several 
hours. Consequently, in most cases, the specimens were taken only when the 
deficit had fallen far below the threshold value. 

For this reason, the threshold values recorded in Table 1 are too high. 
According to an earlier analysis made on Faba, using short time intervals, 
the threshold value lies at about 3 per cent (Stälfelt 1929); in Table 1 it 
ranges from 1.5 to 10 per cent. 

When the water deficit exceeds the threshold value to the supraoptimal 
area, the hydroactive closing reaction is elicited, transpiration decreases and 
the deficit regresses. The hydroactive closing reaction is thereby weakened, 
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the photoactive opening reaction once more dominates, the stomata are 
dilated, transpiration increases, the water deficit rises, the hydroactive clos- 
ing reaction becomes stronger again, and so on. The regulator thus acts in 
the same way as a relay. It causes an alternation between the opening and 
‘closing movements as long as the water deficit has not risen to those values 
at which the photoactive opening movement is entirely inhibited. 

The series of opening and closing movements should result in correspond- 
ing variations in transpiration. Continuous determinations of the transpiration 
have been made by Andersson, Hertz and Rufelt (1954). They found that 
the course of transpiration actually appears as a series of variatidns. It is 
apparent from their report that the variations take place within relatively 
narrow limits, and that the duration of the different periods is strikingly 
constant. Studies of similar variations have been made earlier by Boresch 
(1933), Gregory and Pearse (1937) and Went (1944). They are also reflected 
in the width of the stomata apparatus (Stälfelt 1927). 


Thus, the water deficit initiates the following stomatal processes: 
1. A suboptimal deficit initiates passive opening and closing reactions 
by means of a change in its value. 


2. A supraoptimal deficit initiates active closing reactions. This phenome- 
non has been described earlier (Stälfelt 1929, Pisek and Winkler 1953). 


3. The osmotic value of the guard cells falls when the deficit has reached 
certain values. In 25 out of 26 series in the present investigation, the osmotic 
value fell for this reason (Table 1); in one case it remained unchanged or 
continued to rise, although the deficit increased and stomatal closure took 
place. 


Hydroactive closure is a time-consuming process; it takes some time before 
the effect of the initiating deficit becomes apparent as the onset of closure 
(see p. 573). Presumably, there is also some delay before the effect of the 
initiating deficit is manifest as a fall in the osmotic value of the guard cells. 
The investigation gives no information regarding the magnitude of these 
time intervals. As already mentioned, it was impossible on technical grounds 
to establish the time for these two phenomena with the same accuracy as on 
an earlier occasion, when the study was confined to the closure of the 
stomata cells (Stälfelt 1929). Consequently, it was also impossible to deter- 
mine whether the decrease in the osmotic value took place before, concur- 
rently with or after the onset of the closing movement. One fact nevertheless 
seems certain, i.e., both the decrease in the osmotic value and the stomatal 
closure are initiated by the water deficit that lies close to the deficit values 
which are optimal for the photoactive opening movement, This implies 
that the optimal deficit is confined to a narrow segment of the water content 
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of the leaf, so that the hydroactive closing reaction takes effect as soon 
as the photoactive opening movement starts to reach high values. 


4. A fourth kind of stomatal effect consists of the decreased sensitivity 
of the guard cells to light produced by the supraoptimal deficit. This may 
be inferred from the experimental series of such long duration that the 
deficit had not only had time to develop, but also to regress wholly or 
partly. Such an experiment is illustrated in Figure 7. It is seen that the 
photoactive opening reaction is more effective before the occurrence of the 
deficit maximum than after it. With a deficit of 2 per cent (at 7,20 hrs) 
before the deficit maximum, the stomatal aperture is J—10 u; with the 
same deficit (at 15,45 hrs) after the maximum, the aperture is only 6 u. 
During the later part of the experiment, when the deficit is in process of 
regressing, the photoactive opening reaction operates at the same deficit 
value (2—3 per cent) for 3 hours (12,30—15,30 hrs), but is then able to 
produce an aperture of only 2—7 u. The large aperture values (9—10 u) 
which were quickly reached before the deficit maximum no longer appear. 
The original sensitivity to light was restored only in leaves that had been 
water-saturated for several hours, :as indicated by other experiments. Thus, 
the supraoptimal deficit has an after-effect; it consists of a decrease for 
some time in the sensitivity of the guard cells to light. A safety mechanism 
is inherent in this reaction; it protects the leaf from the rapidly developing 
supraoptimal water deficit which would occur during light, warm days, 
when the deficit — during its regression — reaches the optimal values 
for the photic opening process. If this safety mechanism did not exist, the 
guard cells would open rapidly when the deficit had fallen to the optimal 
level, and transpiration would increase rapidly again. Under natural con- 
ditions, the prerequisites for such variations are greatest during the early 
morning and forenoon, i.e., with increasing light intensity and heat. The 
deficit would then increase in magnitude each time, and would expose the 
leaf to successively greater risks. For, the greater the transpiration, the 
greater will be the deficit before stomatal closure starts and has been 
completed. 

In leaves exposed to large and rapidly developing deficits, the stomatal 
regulator is unable to start functioning in time, but the deficit reaches 
values which damage the mechanism. Under such conditions, the leaf 
withers without closure of the stomata (Stalfelt 1916, Iljin 1922, p. 672, 
Sayre 1926, Pisek and Winkler 1953, p. 271). 

The photoactive opening mechanism is thus also controlled by a sensitivity 
regulator, which is initiated by the water deficit when it reaches supra- 


optimal degrees. 


586 M. G. STÄLFELT 


Consequently, the schema for the hydrophotic regulator is: 


Osmotic value rises 
Light > Photoactive opening 
Hydroactive closure. Decrease in + Supraoptimal water deficit 
light-sensitivity of guard cells. 


The Nature of the Stomatal Processes 


The aforegoing account has dealt only with the part played by the various 
stomatal processes in the opening and closing movements of the guard cells. 
It has not touched on their nature or on their interdependence. 

a. The course of the photoactive processes with a suboptimal water deficit 
(Fig. 1, schema, p. 576) seems to be in agreement with the enzymic theory 
of the stomatal movements, as it has been formulated by, in particular, 
Iljin (1914, 1922, 1932) and Linsbauer (1927). Its essential principles can 
be presented schematically by the formula 


Osmotically > Osmotically 
active Enzyme inactive 
substance + = substance 


Important additions to this theory have been made by Yin and Tung (1948), 
who found that the guard cells contain phosphorylase, and by Small and 
Crosbie-Baird (1942) and Williams and Barrett (1954), who established that 
the enzymic system, of the guard cells acts so rapidly that distinct metabolic 
changes can be demonstrated already after 2—3 minutes. 

Since the enzymic activity changes with the pH of the system (Hanes 1940), 
it is also dependent on the supply of respiratory oxygen (Linsbauer 1917) 
and on substances which change the pH, i.e., both acids and alkalis (Nicolic 
1925, Arends 1925) as well as salts (Iljin 1922, Schmetz 1925, and others). 
Because the pH changes are elicited by the alternations between light and 
darkness (Scarth 1932, Pekarek 1933), the causal chain seems — at any rate 
in principle — to be closed (Sayre 1926, Scarth 1932). Its main sequence 
would thus consist of the following links: 


Light 


Da rt ae - 
Darkness Acidity>Enzyme>Osmotic system 


b. The hydroactive processes are of three kinds. The deficit initiates sto- 
matal closure, decreases the osmotic value of the guard cells and lowers 
their sensitivity to light during the photoactive opening phase. The last- 
mentioned effect of the deficit may also be expressed as follows: hydroactive 
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Table 1. The size of the initiating water deficit (mean values). 
nn mm 
Osmotic value of 
guard cells starts 


Stomatal closure Néva? 
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Rumex acetosa ............ 2.6 (1—5.2) 3.4 (1.8—5.2) 8 

Rheum rhaponticum...... 1.5 (1—3.5) 4.4 (1—7.2) 4 


closure has an after-effect which persists even after the deficit has regressed, 
and which makes the guard cells indisposed to photic opening. 

Nothing is known with certainty about these reactions. Naturally, several 
possible explanations exist. Mention will be made of only a few of them. 

By decreasing the sensitivity to light of the guard cells, the deficit impedes 
the photoactive opening process. The mechanism may consist of an action 
of the deficit on the enzymic reactions regulating the system 


Osmotically À Osmoticaliy 
active inactive 

a ——— —"— "— 
substance substance 


If this is the case, the deficit shifts the equilibrium to the right, or inhibits 
its path to the left. 

The relation between the deficit and hydroactive stomatal closure seems 
to be complicated. The fact that the deficit influences the system of osmotic 
equilibrium is an argument in favour of the supposition that it does, in fact, 
initiate the hydroactive closing movement by means of this mechanism. The 
time difference between the onset of closure and the regression of the 
osmotic value (Table 1) also seems to point in this direction, since the former 
occurs later than the latter, In reality, the time difference nevertheless lacks 
value as proof. This is because it has not been established how long a period 
elapses between the moment when the deficit initiates the closing process and 
that when the process becomes apparent in the form of movements of the 
cells. 

Moreover, it is found that in some of the present experiments, such as those 
recorded in Figures 6 and 7, there is a distinct synchronism between the 
osmotic value and the closing movement. To interpret this as an indication 
of the aforementioned relation nevertheless presupposes, as in the previous 
case, that the duration of the action of the deficit before the onset of closure 
is known. 

Other observations point, however, in the opposite direction and suggest 
that hydroactive closure is not caused by the decrease in the osmotic value. 
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Firstly, there was one case in the present series in which closure occurred 
without a decrease in the osmotic value; in other cases closure was complete 
and took place rapidly, even though the decrease in the osmotic value was 
small (e.g. Figures 3 and 4). Secondly, it was found that closure proceeded 
rapidly, whereas the fall in the osmotic value was usually slow. 


The question whether or not hydroactive closure is produced by a decrease 
in the osmotic value must therefore be left open at present. 


Discussion 


Among the factors influencing the movements of the stomata cells — light, 
pressure of the epidermal cells and the water deficit of the plant — the water 
deficit has the strongest and the most highly differentiated effect. It initiates 
closing movements, it causes cessation of photoactive opening, it produces 
changes in the sensitivity of the guard cells to light, it determines the turgor 
pressure and thereby the stomatal movements of passive nature. 


At the borderline to the optimal area, the deficit passes rapidly from one 
mode of action to the other. Consequently, certain difficulties are encountered 
in following the different processes which then occur in succession. It is in 
particular the small breadth of the optimal range that hampers the analysis. 
A quantitatively insignificant change in the deficit suffices for one reaction 
to cease and another to start; an opening process may end and be succeeded 
by a closing process and vice versa. As a result, the guard cells exhibit great 
sensitivity to changes in the environmental factors when the deficit is optimal. 

Even severing of a leaf may result in a change in the mode of reaction. 
Went (1944) observed that the stomata closed within a few minutes even 
when relatively little water was lost by transpiration. The cause may have 
been that the deficit was close to the threshold value for hydroactive closure, 
so that it rapidly exceeded this value when the water supply to the leaf was 
cut off. The same observation was made by Andersson, Hertz and Rufelt 
(1954). They found, however, that transpiration showed a transient rise 
before the fall which followed excision of the leaf; a transient increase will, 
in fact, result, if the first water loss elicits passive opening. 

Went also found that no correlation existed between the width of the 
stomata and the suction force of the leaf, and that the stomata closed in the 
afternoon under conditions of constant humidity. The explanation is presum- 
ably that the deficit, and with it the stomatal width, can undergo changes 
without any alteration in the humidity of the air, and vice versa. Further- 
more, the deficit can vary within wide limits without markedly influencing 
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the stomata if, during the immediately preceding hours, they have been 
exposed to hydroactive closure. 

A change in the manner of reaction may also result from an increase in 
light intensity or from constant illumination, since transpiration is increased 
by light. If the water deficit is optimal, it will become supraoptimal in such 
cases, i.e., increased light intensity or continued illumination then leads to 
stomatal closure, as was found by Nutman (1937). 

If the deficit varies, the effects of light will also be variable. Earlier 
investigations have shown that the effects of light are, in fact, variable, as 
has been pointed out by Scarth and Shaw (1951). 

Gregory et al. (1950, p. 2) have stated that in my earlier experiments 
(Stälfelt 1929, 1939) »no account was taken of a possible shock reaction of 
the stomata following excision of the sampled portion used for the measure- 
ment», and that »the number of stomata examined was always small». This 
criticism is correct in so far as the immersion method permits measurements 
of only a minor proportion of the stomata of a leaf. But, all methods for 
quantitative determinations of the stomatal width suffer from this limitation; 
this also applies to the porometer method used by Gregory et al. One of the 

reasons for which I did not choose the porometer method for my earlier inves- 
tigations was that I wished to study the relation between the stomatal move- 
ments and the water deficit, and this method does not allow simultaneous and 
detailed measurements of the stomata and the deficit. The changes sometimes 
exhibited by the porometer values, and that have been interpreted as signs 
of shock reactions of the stomata, have actually no corresponding features 
in investigations with the immersion method. With an optimal water deficit, 
the guard cells react rapidly both passively and hydroactively — to the 
changes in the deficit, but the causal relationship is naturally apparent only 
if the deficit is recorded simultaneously with the stomatal width. If, on the 
contrary, the deficit is not recorded, these hasty stomatal changes must seem 
to be inexplicable, and may give reason to put forward the »shock» hypo- 
thesis. 

Gregory et al. (1950) have also studied the relation between the transpira- 
tion rate and the leaf water content; they concluded that »under the condi- 
tions of these experiments transpiration is quite independent of leaf water 
content» (p. 26). If this interpretation were correct, it would imply either 
that transpiration is independent of stomatal width, or that the latter is 
independent of the water deficit of the leaf. Both conclusions are, however, 
contradictory to the results of earlier experiments on these relations, and to 
those of the investigations reported in the aforegoing. Nor could they be 
confirmed by Hygen (1953 b) who took up this matter for discussion. That 
Gregory et al. failed to reveal any quantitative relation between transpiration 
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and leaf water content is presumably to be ascribed to the fact — also pointed 
out by Hygen — that the experiments were designed in such a way that this 
relation was masked by other factors. 

Gäumann and Jaag (1938, as well as earlier and later publications) and 
Gäumann (1942) made thorough investigations of the cuticular transpiration 
of plants. They based their measurements and calculations on the assumption 
that the stomata are open in light and closed in darkness, and that the open- 
ing movements are »unmittelbar von der Lichtmenge abhängig» (e.g. 1938, 
p. 58). Consequently, their method and conclusions rely on the supposition 
that a change in light produces a corresponding change in stomatal width 
(e.g. 1938, p. 62). Such a relation between the stomata and light nevertheless 
exists only with a suboptimal to optimal water deficit, and it is invariably 
brief and rapidly transient. In other cases it does not exist; in general, the 
guard cells do not follow the light. This relation was already known earlier. 
Under certain conditions, the stomata may partly open even at night, as has 
been demonstrated in numerous investigations (see bibliography: Stälfelt 1929, 
p. 334). An aperture of variable size is often found even in leaves that have 
stood in water, saturated humidity and darkness for several hours; this is 
also shown by the experiments recorded in Figures 3, 5, 6 and 7 in the present 
paper. 

Judging by the data, Gäumann and Jaag used experimental objects whose 
stomata were partly open, and not entirely closed as they assumed. Hygen 
and Midgaard (1954), who reproduced these experiments, could not confirm 
their conclusion. 


Summary 


The object of the investigation was to study the relation between the move- 
ments of the guard cells and the osmotic value, as well as the influence of 
the water deficit of the leaf on these two phenomena. 

The experimental objects consisted of leaves of Vicia Faba, Rumex acetosa 
and Rheum rhaponticum. The stomatal aperture, osmotic value and water 
deficit were measured at fixed intervals during the day. During this time, the 
leaves were kept in light and saturated humidity at a temperature of 
20—22° C. 

With a suboptimal water deficit, the guard cells are found to open in 
light and close in darkness. Their osmotic value rises during the opening 
movement and falls during the closing movement. The course is thus in 
agreement with the traditional conception of the stomatal movements as a 


function of the light and of the enzymic metabolism; it is represented by 
the schema: 
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Osmotic value rises 


Light > Photoactive opening 
Photoactive and passive closure + Darkness 


Osmotic value falls. 
Pressure from epidermal 
cells positive. 


With a supraoptimal water deficit, the movements of the guard cells are 
controlled mainly by the water deficit. Three kinds of effect can be distingu- 
ished: 

1. The deficit initiates stomatal closure. The process has been described 
earlier and denoted as the hydroactive stomatal closure (Stalfelt 1929). The 
hydroactive stomatal closure and the photoactive opening together form the 
hydrophotic regulator of the water balance. 

2. The deficit decreases the osmotic value of the guard cells. It could not 
however, be determined whether the osmotic value starts to fall before, con- 
currently with or after initiation of the closing movements of the stomata. 

3. The deficit decreases the light sensitivity of the guard cells to the photic 
opening process. This is because hydroactive closure has an after-effect, 
which persists for several hours after the deficit has decreased or regressed, 
and which makes the guard cells indisposed to photic opening. A safety 
mechanism is inherent in this inhibiting reaction; it protects the leaf from 
rapidly developing large water deficits which would arise on light, warm 
days, if the photoactive opening mechanism continued unchanged after the 
deficit had regressed owing to stomatal closure. 

Thus, it is found that the photoactive opening reaction is also controlled 
by a sensitivity regulator, which is initiated by the deficit when it reaches 
high supraoptimal values. 

If the safety mechanism is also included, the hydrophotic regulator can be 
represented by the schema: 


Osmotic value rises 


Lights en Zu Pholoaclivesopening 
Hydroactive closure. Decrease in + = 5 Supraoptimal water 
light sensitivity of guard cells. deficit 


The expenses of the investigation were defrayed by a grant from the Science Re- 
search Council of Sweden. 
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Introduction 


Leaves of many plants undergo a colour change into brown or black when 
heated to about 60° C or mechanically injured. Such blackening usually 
takes place when they encounter heavy frost in early winter. Of such plants, 
we already reported Aucuba japonica (1), Stizolobium Hassjoo (2), and 
Dahlia variabilis (3). Leaves of Aucuba japonica contain a glycoside aucubin 
as a sole blackening agent. This glycoside consists of aucubigenin and glucose, 
and this aglycone is very liable to spontaneous oxidation in the air giving 
rise to a black substance of unknown structure. A glucosidase present in the 
leaves reacts with aucubin when the leaves are killed by higher or lower 
temperatures. In the case of Stizolobium Hassjoo, the matter is quite diffe- 
rent. All parts of this plant contain dihydroxyphenylalanine (dopa), and this 
substance undergoes oxidation with a polyphenoloxidase which is also pre- 
sent in the tissues, when injury takes place. In the leaves of Dahlia, the 
substance responsible for the blackening is chlorogenic acid, which is oxi- 
dized by a polyphenoloxidase accompanying it. 

It would be too hasty to conclude from the above findings that these three 
substances are equally distributed in higher plants, because Politis (4) 
showed a considerably wider distribution of chlorogenic acid in higher 
plants. On the contrary, the presence of aucubin (5) seems to be restricted, 
besides to Aucuba (Cornaceae), to some plants of Eucommiaceae, Garry- 
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Figure 1. Dark brown spots and rings produced on leaves of Nicotiana Tabacum (> Bright 
yellow»), either by heating with a lighted cigarette tip or by injury. Spots No. I, II, and 
III are those produced by injury while handling. 


aceae, Globulariaceae, Loganiaceae, Orobanchaceae, Plantaginaceae, and 
Scrophulariaceae, and dopa has been found only in three genera, Stizolobium, 
Mucuna, and Vicia of Leguminosae (cf. 2). 

Leaves of Nicotiana Tabacum have been known to become dark brown 
when injured during tobacco processing. We have found also that the brown- 
ing occurs on heating the leaves to 60° C. Death-ring formation by contact 
with a lighted cigarette tip on the leaf surface after Molisch (6) was also 
observed (Figure 1). We have now investigated its cause and found also in 
this case chlorogenic and caffeic acids as the principal agents responsible 
for the colour change induced by a polyphenoloxidase. Besides these acids, 
a flavonol glycoside, rutin, was present as is well known, but it is not to be 
regarded as the principal cause of the browning, although it possesses 

_3,4-dihydroxy group on the side phenyl ring, because the polyphenoloxidase 
does not attack it. This report deals with the results of our studies hitherto 
made of how to explain these facts. 


Experimental part 
1) Material 


Leaves of Nicotiana Tabacum were supplied to us in 1953 and 1954 by 
the courtesy of the Hatano Tobacco Experiment Station of the Japan Mono- 
poly Corporation. The varieties were »Brigth Yellow», »Matsukawa» (an 
old variety raised in Japan), »White barley», and »Turkish Xanthi». Also 
an unknown variety of Nicotiana rustica was used. 


39 
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One hundred g. of fresh leaves, the middle veins and petioles cut off, were 
crushed in a blendor with 80 per cent ethanol, and the whole was heated on a 
water-bath. The extraction was repeated several times, renewing ethanol each 
time, until ferric chloride gave no more green coloration with the extract. 
The ethanolic extract was concentrated in vacuo, the residue was treated 
with 100 ml. of water and allowed to stand a while. After filtration the solu- 
tion (A) was put in a refrigerator, and after several days standing, rutin 
almost completely precipitated. The filtrate of rutin (B) was several times 
extracted with ether, and chlorogenic acid remained in the aqueous layer (C). 
The ethereal layer (D) was distilled off, the residue was dissolved in petro- 
leum ether, and this solution was extracted with 50 per cent ethanol. The 
ethanolic solution was condensed to 5 ml. and paper-chromatographed for 
the detection of caffeic acid. 


2) Paper-chromatography of phenolic substances, amino acids and sugars 


For paper-chromatography, 80 per cent phenol and butanol-acetic acid- 
water (4:1:1 or 4:1:2) were used as solvent throughout, and ascending 
method was applied with Whatman No. 1 filter paper at room temperature. 
Every time controls of chlorogenic acid, caffeic acid, and rutin were run 
with the test substances. For the detection of spots, ferric chloride, fluore- 
scence with or without ammonia gas under ultraviolet light, BCG, and Hoepf- 
ner’s reagent (7) were used. 

Chlorogenic acid as control substance was isolated from de-fatted coffee 
beans after the method of Moores, McDermott, and Wood (8) except using 
isopropyl alcohol as extracting solvent. We used ethanol with good results. 
Chlorogenic acid was obtained as white crystals of m.p. 204° C. 

Caffeic acid was obtained by hydrolyzing 4 g. of chlorogenic acid with 
8 ml. of 10 per cent caustic potash solution at 30° C for 30 min. and neutra- 
lizing after cooling with 20 per cent sulfuric acid. Decolorized with char- 
coal and allowed to stand for 24 hrs., the solution precipitated crystals of 
caffeic acid. Lemon yellow crystals of m.p. 210—213° C. 


Paper-chromatograms of amino acids and sugars were made by means 
of usual methods (2,3). 


3) Quantitative estimation of chlorogenic acid, caffeic acid, and rutin 


A) Chlorogenic acid and caffeic acid. — Aqueous solutions of pure chloro- 
genic acid and caffeic acid show absorption bands at 325 and 315 mu, respec- 
tively, in ultraviolet (Figure 2). As there exists linear relationship between 
the concentration and —log T (T=per cent light transmission) of chlorogenic 
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Figure 2. Figure 3. 


Figure 2. Absorption curves of chlorogenic acid (1) and caffeic acid (II). Concentration, 
5x102ZM. 


Figure 3. Relationship between the concentration and —log T of chlorogenic acid (I) at 
325 mu and that of caffeic acid (II) at 315 mu, respectively. 


and caffeic acid, respectively (Figure 3), these acids are separated and spec- 
trophotometrically estimated. 

One ml. of the original extract, from which rutin had been removed, was 
filled up with water to 10 ml. and shaken twice with ether, the combined 
ether was distilled off, and the residue was dissolved in water and diluted to 
10 ml. This procedure was repeated, while the aqueous layer was estimated 
at 315 mu each time. When the value of caffeic acid, which at first became 
smaller and smaller, attained a constant value, a solution containing only 
caffeic acid was obtained. This ultimate solution is ten times dilute as 
compared with the initial extract (50 g. fresh leaves 50 ml.). 

The aqueous layers, which were extracted with ether in above mentioned 
procedures, were combined and diluted to 100 ml. This solution was one 
hundred times dilute as compared with the initial leaf extract, and did not 
contain caffeic acid. Chlorogenic acid was estimated quantitatively in this 
solution. 

All these solutions in the above procedures must have pH between 5 and 3. 
Otherwise the pH has to be adjusted to this value with acetic acid or caustic 
potash. Between these values, the absorptions at 325 and 315 my of chloro- 
genic acid and caffeic acid, respectively, did not vary. 

As a control, the initial leaf extract was treated with lead acetate to 
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remove chlorogenic and caffeic acid, and estimated at the wave-length 325 
and 315 mu. 

For this procedure, 4 ml. of the initial leaf extract were mixed with 0.8 ml. 
of a saturated lead acetate solution, 0.4 ml. of 10 per cent caustic potash and 
0.8 ml. of water, (the whole volume was 6 ml.) and allowed to stand 1 hour 
under occasional shaking. This mixture showed pH 8—9 and all of chloro- 
genic and caffeic acid was completely precipitated. 

From the filtrate of the lead precipitate 3 ml. were taken and mixed with 
0.2 ml. of 10 per cent acetic acid and 0.8 ml. of water (the whole volume 
became 4 ml.). This solution is two times more dilute than that before the 
treatment with lead acetate, and showed pH about 4. All reagents used in 
this procedure proved to have no effect upon the absorption. 

Chlorogenic acid was also estimated after the method of Moores, McDer- 
mott, and Wood (8) with iodometrie oxidation method. 

B) Rutin. — Fresh leaves were freed from the middle veins and petioles 
and 50 g. of them were crushed in 150 ml. of 80 per cent ethanol and ex- 
tracted on a boiling water-bath. The extraction was repeated further two 
times with renewed ethanol. The combined ethanolic extract was condensed 
to 50 ml. in vacuo and allowed to stand a week in a refrigerator, when all 
of rutin separated in crystals. The precipitate of rutin was filtered, followed 
by drying at 110° C and weighing. Of the filtrate, chlorogenie acid and 
caffeic acid were quantitatively estimated. 


4) Quantitative estimation of ascorbic acid 


Reduced form of ascorbic acid in the leaves was estimated by the method 
of Fujita and Ebihara (9). Five g. of fresh leaves were crushed in a mortar 
with 20 ml. 5 per cent metaphosphoric acid and mixed with 25 ml. of 
water. After centrifuging, ascorbic acid was estimated in 2 ml. of the super- 
natant liquid. 


5) Preparation of crude polyphenoloxidase 


One kg. lamina of leaves (»Bright yellow»), taken just before yield from 
topped tobacco plants, was crushed in a blendor and extracted with 11. 
water, The extract was squeezed through several-fold gauze and the liquid 
was then centrifuged (3000 r.p.m.; 5 min.). The reddish brown supernatant 
liquid (1.5 1.) was mixed slowly with 1.7 1. acetone, and the precipitate was 
centrifuged, The mother liquor of this precipitate did not contain poly- 
phenoloxidase, because the precipitate which is formed upon addition of 
acetone did not show any polyphenoloxidase activity. The precipitate was 
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suspended in 50 per cent acetone and, after centrifuging, dried in a vacuum 
desiccator. Seventeen g. of dark brown powder were obtained. Above proce- 
dures were done at 0—5° C. For the estimation of the enzymatic reaction 
by a colorimetric method, the enzyme was further purified by repeated 
treatment with acetone and the less coloured preparation was used for the 
experiments. 

Polyphenoloxidase preparation, which was obtained from white tissue 
powder, prepared from leaves by extraction with ethanol, proved to have 
a considerably lower activity. 


6) Estimation of polyphenoloxidase 


One ml. of 10”? M substrate solution was mixed with 0.5 ml. of Mellvaine’s 
buffer solution (pH 6.8) and 1 ml. of 0.5 per cent enzyme solution at 30° C 
for 30 min. to 5 hours, and it was tested whether the coloration due to 
oxidation of various substrates would occur. 


7) Estimation of polyphenoloxidase activity 


The activity of polyphenoloxidase was estimated by the following method. 
Three ml. of a solution of polyphenoloxidase (0.1 per cent) or homogenate 
of the leaves in Mcllvaine’s buffer solution were prepared and the increase 
in absorption at 480 mu was estimated by a spectrophotometer every one min. 
within 5—10 min., immediately after 0.5 ml. of 0.1 per cent catechol solu- 
tion was added. As control, a mixture of enzyme solution and 0.5 ml. of water 
was used. The temperature was held at 30° during the experiment. The 
activity of the enzyme was compared after the method of Ponting and Joslyn 
(10) by —log T/min. 


8) Estimation of the polyphenoloxidase activity in the fresh leaves 


Thirty five g. of fresh leaves (water content 30 g.) were crushed in a 
blendor with 120 ml. of Mcllvaine’s buffer solution (pH 6.8), held at slightly 
above 0° C. The mixture was squeezed through four-fold gauze and centri- 
fuged at 0° C for 5 min. (1.5104 r.p.m.). Ten ml. of the supernatant liquid 
was warmed to 30° C and the browning was electrophotometrically esti- 
mated. 

When other substrates than catechol, for example chlorogenic acid, were 
used, the decrease in the quantity of the substrate was estimated for the 


activity. 
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Figure 4. Chromatograms of tobacco leaf extracts. Cont, control, Fluor, fluorescence under 
ultraviolet light, fluor. NH3, fluorescence under ultraviolet light after treatment with am- 
monia gas, BCG, colour with BCG, FeCls, colour with ferric chloride, Hoepf, colour with 
Hoepfner’s reagent. 
B, blue, Y, yellow, G, green, R, red, Br, brown. 


Results and discussion 


As phenolic substances, chlorogenic acid, caffeic acid, and rutin were 
found in the extract of the fresh leaves by paper-chromatography. The R; 
values of the spots of these substances and the colours given by various 
reagents are shown in Table 1, and they well coincided with those of control 
substances. The R; values, however, often deviated from those of the controls. 
In those cases, large scale chromatograms were made, from which each 
spot was isolated and again chromatographed, when the R; value became 
quite identical with the controls. Therefore it is clear that the spots I, II 
and III are rutin, chlorogenic acid, and caffeic acid, respectively (Figure 4, 
Table 1). 

Dopa and tyrosine could not be detected by any means. 


Table 1. R, values and reactions of the spots I, II and III. 


a rr 


Ry (butanol: | „, a Colour with | Colour with 
Control Spot | acetic acid- ee Ag ferric Hoepfner’s 
water 4:1:1) 2 her a chloride reagent 
a ll nn I Ts Ale 
Caffeic acid ...... I 0.80 Blue Blue Green Red 
Chlorogenic acid! II 0.61 Blue Yellow Green Yellow 
PROUD ee I 0.51 Brown Blue | Green = 
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Table 2. The contents of rutin, chlorogenic acid, and caffeic acid. 


TE esse 


Material Variety Condition of leaves Rutin! ee 
acic 
Collected 
June 21, 1954 
Tabacum Bright yellow | Younger leaf (upper part of 
stem) 0.28 0.60 
» » > Adult leaf (middle part of stem) 0.20 0.40 
» » » Adult leaf (lowest part of stem) 0.11 0.26 
» White barley | Adult leaf (middle part of stem) 0.05 0.26 
» Matsukawa » » » TD 8 0.19 0.26 
» Xanthi » > » +e 9 > 0.99 0.26 
rustica An old form » » » > >» » 0.19 0.17 
Collected 
Aug. 2, 1954 
Tabacum Bright yellow | Younger leaf of a plant, not 
topped 0.36 0.76 
» » » Adult leaf on the middle part of 
stem of a plant, not topped 0 24 0.72 
» > » Adult leaf of the middle part 
of stem of a plant topped 0.20 0.56 


1 g. per 100 g. fresh leaf. 


The contents of these three phenolic substances in the leaves differed 
according to varieties and difference in the position of insertion, and seemed 
to depend upon the vegetation period and cultivation condition even in the 
same variety (Table 2). 

The quantity of chlorogenic acid varied in a range of 60.0 mg. per 100 g. 
fresh younger leaves and 0.26 mg. in adult leaves taken June 21. It grew, 
however, to some extent in the leaves taken Aug. 2, and at the same time 
the difference in quantity became smaller, that is, 0.76 mg. per 100 g. fresh 
younger leaves and 0.56 mg. per 100 g. fresh adult leaves. The quantity of 
rutin was in general pretty high in tobacco leaves, and the younger the 
leaves were, the higher the content of rutin was. However, no or a very 
small quantity of rutin was found in » White Barley» (Table 2). 

As to the amount of caffeic acid in tobacco, there was found far smaller 
amount of it than chlorogenic acid. 

Nine amino acids were found in the intact green leaves as well as in those 
parts of leaves which turned into brown by heating to 60° C. Those are 
proline, leucine, valine (or lysine), alanine, glycine, asparagin, serine, aspar- 
tic acid, and an unknown amino acid (Figure 5). It is very interesting that 
no change was found in. amino acids before and after browning of the 
leaves, although such was the case with Dahlia leaves (3). As regards this 
difference, we will treat it at another opportunity. 
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Figure 5. Paper chromatograms of sugars and amino acids in 
green intact tobacco leaves. Sugars are developed with benzi- 
dine reagent, and amino acids with ninhydrin. F, fructose, 
G, glucose, S, sucrose, Ph, phenylalanine, Me, methionine, 
Al, alanine, Gl, glycine, Gt, glutamic acid, As, aspartic acid, Pr, 
proline, Le, leucine, Va, valine, Ly, lysine, Asn, asparagine, 
Se, serine. 


0.2 


0.0 


The sugars that were found are fructose, glucose, and sucrose, as is gene- 
rally the case with leaves of most plants. 

All of these three phenolic substances, rutin, chlorogenic acid, and caffeic 
acid, have an orthodihydroxyphenyl group, which might be apt to undergo 
oxidation with polyphenol oxidases in the presence of the air. It was then 
examined, as in previous studies, how these had changed in the leaves which 
had turned black. Ten g. of fresh leaves were heated to 100° C for 5—10 
min. and another 10 g. of fresh leaves were heated to 60° C for 5—10 min. 
The former leaves remained green, seemingly showing no colour change, but 
the latter changed black owing to the oxidation of phenolic substances. Both 
of them were extracted as usual and the extracts were paper-chromatogra- 
phed, with the results, that in the leaves which had changed into black, 
chlorogenic and caffeic acid had completely disappeared, although amino 
acids and sugars did not show any change. These fingings are quite the 
same as in Dahlia leaves, and the substances responsible for blackening of 
the leaves must be chlorogenic and caffeic acid also in this case. 

In order to determine exactly the oxidizability of various phenolic sub- 
stances by the polyphenoloxidase of the tobacco leaves, twelve substances 
were examined (Table 3). Of these substances, 7 substances including 
chlorogenic and caffeic acid were oxidized by the enzyme, and the former 
acid gave a green colour, which became reddish brown and ultimately dark 
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Table 3. Oxidizability of some phenolic substances by means of polyphenoloxidase of 


tobacco leaves. 
re en en nen, 


Phenols Colour change into brown 


LR eee SR Ed | 
Chlorogenic acid ............ | 
CAITELCR AGI GS en ee | 
Tobacco leaf extract ...... | 
DO Pai Breer en 
NELSTOSDeRER hese se Musca ao 
IEAtECHOL Re es | 
BITOEANOE SEEN | 
Hydroquinone ‘ sie 
Resorcnols da ee eee! | 
PEGRESOUG Sa sone een | white precipitate 
P-Phenylenediamine ......... 

AUCGUDIR Ne = 


Dae ore aed 


brown, while the latter became directly reddish brown turning dark brown. 
On the contrary, rutin did not show any tendency to undergo appreciable 
colour change. Hence it is to be regarded as not oxidizable by this poly- 
phenoloxidase. 

As was reported in the case of Dahlia leaves, the younger the leaves, the 
stronger the blackening reaction when heated to 60° C, although the content 
of chlorogenic acid did not show any appreciable difference (Table 2, 4). 
The activity of the polyphenoloxidase also proved to show no considerable 
difference between younger or older leaves (Table 4). In a case, which was 
tested on Aug. 24, 1953, the polyphenoloxidase activity was rather greater 
in older leaves than in younger ones. This fact may suggest the presence of 
some substance which can affect the reaction taking place between phenolic 
substances and polyphenoloxidase. 

We confirmed previously (2,3) in the leaves of Stizolobium Hassjoo and 
Dahlia variabilis, that the formation of dark brown melanoid substance was 
‘inhibited by the reduced form of ascorbic acid. Ponting and Joslyn (10) 
are of the same opinion, while Baruah and Swain (11) concluded that poly- 
phenoloxidase undergoes a marked denaturation in the presence of ascorbic 
acid. As we do not at present aim at analyzing this point, we will return to 


Table 4. Negative correlation between the activity of the polyphenoloxidase and the grade 
of death-ring formation. 


Time required for the 


Activity of the full formation of 


Material (Aug. 2, 1954) 


oa 108 Lin, | death-ring (Seconds) 
Younger leaf of an untopped plant 7, 0.40 10 
Adult leaf of an untopped plant ...... 0.40 35 | 


Adult leaf of a topped plant ............ | 0.44 60 
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Table 5. Relation between the quantity of chlorogenic acid oxidized by the polyphenol- 
oxidase and that of ascorbic acid. 


Material (Aug. 24, 1953) 


Younger leaf 
Adult leaf on the middle part of stem 
Adult leaf on the lower part of stem 


Quantity (mg.) of chloro- 

genic acid which was oxi- 

dized out of 70 mg by the 
polyphenoloxidase 


Ascorbic acid 
Browning|(mg. per 100 
g. fresh leaf) 


en 


38 
43 
49 


HE | 19 
++ 31 | 
I 


As the enzyme preparation, an extract of 1.7 g leaf powder with 30 ml. water (50 hrs.) 
was used. 

10 ml. enzyme solution, 70 mg. chlorogenic acid in 30 ml. water, 5 ml. Mcllvaine’s buffer 
solution (pH 6.8). Total 45 ml. 

After standing 50 hrs. at 30 ©, the remaining chlorogenic acid was estimated by the 
method of Moores, McDermott and Wood (8). 


the subject at another opportunity. Moreover, the blackening reaction took 
place very easily in those plants containing a lesser amount of reduced form 
of ascorbic acid, and very difficultly so in those containing greater amounts 
of ascorbic acid (for instance, Diospyros Kaki Thunberg (11), Thea sinensis 
L. (11), Camellia japonica L. (11), Brassica oleracea L. (11), Lycopersicon 
esculentum Miller (11), Fragaria chiloensis Duchartre var. ananassa Bailey 
(11), Iris gracilipes A. Gray (12), I. tectorum Maxim. (12), Capsicum annuum 
L. var. acuminatum Fingerhuth (12), etc.). The same has proved to be true 
also of the tobacco leaves (Table 5). This inhibition continued to take place 
as long as reduced form of ascorbic acid was available in the cell, while 
oxygen uptake went on parallel to the available quantity of ascorbic acid 
and the more ascorbic acid was present, the weaker the colour produced was. 
In fact, the ascorbic acid content was 19 mg. per 100 g. fresh leaves in 


younger leaves and attained 31 mg. per 100 g. fresh leaves in adult, some- 
times yellowish green leaves. 


Summary 


1) The presence of three phenolic substances, chlorogenic acid, caffeic 
acid, and rutin, was confirmed in the leaves of tobacco by paper chromato- 
graphy. Rutin was also isolated in substance. 


2) A polyphenoloxidase present in the leaves proved to provoke a dark 


brown colour when it attacked chlorogenic and caffeic acid, but rutin was 
not oxidized. 
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3) In tobacco leaves in which blackening was remarkable, the content of 


reduced form of ascorbic acid was low, and vice versa. 


We are grateful to Dr K. Okuma, the Hatano Tobacco Experiment Station, for 


giving us a lot of tobacco leaves. The cost for this study was defrayed partly with a 
stipendium given us by the Japan Monopoly Corporation and partly with the Stipen- 
dium for the Advancement of Scientific Research, given to one of us (S.H) by the 
Ministry of Education. 
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Comparative Effects of Ammonium and Nitrate Ions on 
the Growth and Composition of Hevea brasiliensis 


By 
E. W. BOLLE-JONES 


Rubber Research Institute of Malaya 
(Received 1955) 


It is known that field application of nitrogen containing fertilisers may 
greatly improve the yield of rubber obtained from young stands of Hevea 
brasiliensis and maintain the yield of more mature trees (Haines and Guest, 
1936; Haines, 1946). Grantham (1924, 1927, 1930) obtained growth and 
yield responses by applying nitrogen either as ammonium sulphate or sodium 
nitrate to young mature rubber trees but his data do not provide a direct 
quantitative comparison between the relative efficiency of these two nitrogen 
sources; according to Vollema (1931), however, both sources of nitrogen may 
give equivalent yield responses from mature rubber trees. The concentration 
of rubber found in very young nitrogen deficient Hevea seedlings, grown in 
sand culture, may be smaller than that of healthy plants but as development 
proceeds a reversal occurs and the healthy plants contain a smaller concentra- 
tion of rubber but grow much larger than the deficient plants (Bolle-Jones 
1954, b); a similar reduction in the concentration of rubber with increased 
amounts of nitrogen may occur in guayule grown in soil (Benedict 1950). 

A differential effect on rubber concentration of the guayule plant, according 
to the form in which nitrogen was supplied was noted by Bonner (1944) who 
found that a high nitrate type of nutrient gave the highest concentration of 
rubber in the leaves; this concentration decreased as the proportion of 
ammonium ions in the nutrient increased. Okankenko and Bershtein (1950) 
and Pinevic (1952) concluded that the amount of rubber produced by 
koksaghyz plants depended upon the form in which nitrogen was supplied. 

Consequently it may be inferred from the literature that the application 
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of nitrogen will increase the growth and the amount of rubber yielded by 
rubber producing plants but the form in which the nitrogen is applied may 
affect the total yield and, perhaps, the concentration of rubber found 
within the plant. 
It was desirable to establish with certainty (a) whether Hevea brasiliensis 

supplied with a high proportion of ammonium nitrogen would grow as well, 
or better, than if supplied with a high proportion of nitrate nitrogen, 
(b) the differential effect, if any, of these two nitrogen sources on the 
chlorophyll, rubber and mineral concentrations of the plant. A knowledge 
of the tolerance to high ammonium nitrogen supplies under varied con- 
ditions of calcium supply was also sought, bearing in mind the usual very 
acid condition of Malayan soils and their relatively low exchangeable calcium 
Status. 

In a factorial experiment designed to investigate these problems Tjirandji 
1 seedlings were grown in pot-sand-culture at varying levels of ammonium 
nitrogen and nitrate nitrogen supplies either in the presence of a very low 
or a normal supply of calcium. Observations on the growth and composition 
of the plants were made at intervals during the course of the experiment. 


Experimental 
Design of Experiment 


There were 18 treatments derived from all combinations of the following 
levels of NH,* (Am), NO, (N) and Ca** ions. 


PARENT ns 1.0 m.eq./l. Niere. LOU mel. CAT RS Coote 0.5 m.eq./l. 
nos RE 3.0 m.eq./l. NS ees center cere 3.0 m.eq./I. ag ee REN 4.0 m.eq./l. 
STR. oe 5.0 m.eq./l. Na eee 5.0 m.eq./l. 


Other nutrients were kept constant, with the exception of sodium and 
sulphate, at the following levels: (in m.eq./l.) Mg** 2.0; K* 3.0; PO,~~~ 3.0; 
Fe*** 1.0; Mntt 0.04; Cu** 0.002; Zn** 0.002; BO, 0.018; MoY! 0.0012. 
The Na* level varied from 1.0 to 2.5 m.eq./L, and the SO,~~ level from 3.0 
to 13 m.eq./l. (increasing with Am level but decreasing with N level). Tap- 
“ water was used in the preparation of the nutrients. 


Cultural And Sampling Methods 


Each treatment was carried out in duplicate; each plot contained three pots in 
each of which twelve Tjirandji 1 (selfed) seeds were sown on 15th December 1953. 
The bitumen painted pots and the sand used have been described (Bolle-Jones 
1954, a); the sand was washed with cold 3 0/0 hydrochloric acid (w/v) for four days 
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perior to being leached with calcium nitrate solution until free of acid. Complete 
plants were removed from each pot and leaves taken for analysis on the following 
dates: 17 May (1954), 27 July, 13 September, 22 November (final sampling). 

At each sampling fully expanded leaves were removed from a fixed whorl posi- 
tion (mainly second whorl). The midribs were excised and discarded; the laminae 
were analysed for chlorophyll, nitrogen and mineral concentrations and, when 
possible, for their rubber concentration. For the earlier samplings the green part of 
the stems was bulked with the petioles from each plot prior to drying, milling and 
rubber extraction; for the September and November samplings the rubber concentra- 
tion of the petioles was estimated separately. 

During the course of the experiment the pH and the ammonium and nitrate nitro- 
gen concentrations of the added nutrients and of the leachates, issuing {rom the 
drainage hole of each pot, were measured. To collect the leachates 1 litre of the 
respective nutrient was added to each pot (each of which had received a similar 
amount 24 hours previously) in a treatment plot and the first 25 ml. of effluent 
which issued from each pot was collected and bulked with the other leachates to give 
a 75 ml. plot sample. Preliminary trials had shown that the composition of any 
25 ml. aliquot collected within the first 100 ml. of effluent did not vary significantly 
according to whether it was the first or last fraction taken within this 100 ml. volume. 


Analytical Procedures 


All the analytical procedures employed have been described (Bolle-Jones 1954, a) 
with the exception of the estimation of rubber in the laminae and petioles and of 
ammonia-, nitrate-, amide- and amino-, nitrogen fractions in the laminae; these are 
breifly described below. 

Rubber: 5 g. of milled (40 mesh screen) dry laminar (or petiolar) tissue were 
extracted with 50 ml. of a 1 °/o trichloracetic acid solution in benzene, by mechanical 
shaking, for 15 minutes. A 20 ml. aliquot of the supernatant liquid was brominated 
for 100 minutes as described by Meeks, Crook, Pardo and Clark (1953); 125 ml. of 
95 °/o ethyl alcohol were added and the solution allowed to stand for 2 hours. The 
deposited rubber bromide was filtered off and treated subsequently as described by 
Meeks et alii. Based on the percentage of bromine found by analysis in the rubber 
bromide a conversion factor of 0.274 was used to convert weights of bromide to the 
hydrocarbon. The method permitted a recovery of 75 °/o of the pure rubber added to 
the dry laminar powder prior to extraction. 

Soluble Nitrogen Constituents — Extraction: 22 ml. of hot water (60—70° C) 
were added to 1 g. of powdered laminae (rapidly oven dried from the fresh state 
at 70—80° C) and the mixture heated, with constant stirring, on a boiling water bath 
for 10 minutes. The suspension was allowed to cool before the addition of 2.5 ml. 
of 0.25 M. lead acetate solution and the total volume was made up to 30 ml. with 
water. After standing for 30 minutes the suspension was centrifuged to deposit the 
voluminous laminar residue. To 20 ml. of the supernatant liquid 12.5 ml. of 0.1 M, 
sodium carbonate solution were added (to precipitate the lead) and the solution again 
centrifuged. The clear supernatant liquid was filtered through No. 42 Whatman 
filter paper and stored in glass stoppered containers at 10°C until analysed for 
nitrate-nitrogen, ammonia-nitrogen, amide-nitrogen and for the free amino-acid 
nitrogen. 

Nitrate-Nitrogen: To an aliquot, equivalent to 0.06 g. of dried laminae, 0.1 ml. of 
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1 °/o potassium hydroxide and 1 ml. of Analar hydrogen peroxide (100 vols.) were 
added and the solution simmered on a steam bath for 2 hours to oxidise traces of 
coloured organic matter; if the extract remained coloured a further addition (0.2 — 
0.5 ml.) of peroxide was necessary. The solution was evaporated almost to dryness, 
1—2 ml. of water added and the solution again evaporated almost to dryness; this 
process was thrice repeated to eliminate all traces of peroxide. Finally the residue 
was gently dried on a steam bath for an additional 30 minutes, leaving a perfectly 
white residue. After cooling, 2 ml. of phenol disulphonic acid were added followed, 
5 minutes later, by 25 ml. of water; the solution was transferred to a graduated 
flask, an excess of concentrated ammonia solution (5 ml.) added and the solution 
rapidly cooled. The solution was made up to 50 ml. with water, centrifuged and the 
colour intensity measured. This procedure based on a method described by Bur- 
strôm (1942) enabled 90 to a 110 % of the nitrate added to dry laminae (prior to 
water extraction et. seq.) to be recovered. 

Ammonia-Nitrogen and Amide-Nitrogen: An aliquot of the clarified aqueous extract 
equivalent to 0.4 g. of dried laminae was distilled under reduced pressure at 40° C in 
the presence of a pH 10 borate buffer; this removed the ammonia-nitrogen which was 
collected and estimated. Concentrated sodium hydroxide (40 °/o) was then added to 
the distillation flask and the amide nitrogen removed by steam distillation at 100° C. 
These procedures (described fully by Varner, Bulen, Vanecko and Burrell, 1953) 
permitted recovery of 77 °/o of the ammonium nitrogen added to dried lamina (prior 
to water extraction) and of approximately 80 °/o of the amide nitrogen (contained in 
either glutamine or asparagine) similarly added. 

Free Amino-Acid Nitrogen: To an aliquot of the aqueous extract equivalent to 
0.06 g. of dry laminae, ninhydrin was added and the liberated a amino-nitrogen was 
determined, after the addition of potassium hydroxide, as ammonia. For a similar 
volume of extract a parallel estimation was made, but without the addition of nin- 
hydrin. This provided values for any interfering ammonia- or amide-, nitrogen, pre- 
sent and which could be applied as a correction factor to the value obtained in the 
presence of ninhydrin. The method, details of which are described by Sobel, Hirsch- 
man and Besman (1945), permitted a recovery of 70—80 °/o of the amino-nitrogen 
added as glycine or alanine to the dry laminae before aqueous extraction. 


Results 


For many of the numerical data it is not possible to present results ob- 
tained for each individual sampling date. Consequently, where the trends 
appeared similar, values for the same treatment replicate for each month 
were combined and are presented in the form of mean tables together with 
the relevant standard errors. For the statistical analysis 35 degrees of freedom 
only were considered rather than that number multiplied by the number of 
sampling dates. 


Visual Observations 


Stunted, pale, small leaved plants with yellow leaflets in the upper ex- 
panded whorls, characteristic of nitrogen deficiency, were seen in the 
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Figure 1. Tjirandji 1 seedlings, 7 
months old, low calcium supply. 
Am3 Ni Cage Am, Ny Ca, : Amy, N3 Cag. 
(Middlé): Weak stemmed, few leaved, 
nitrogen deficient plants. (left): High 
ammonium and (right) high nitrate 
plants — tall and vigorous. 


Am, N, Ca, and Am, N, Ca, treatments early in the experiment. Similar 
symptoms were recorded later in the Am, N, Ca, and Am, N. Ca, plants 
(June) and in the Am, N, Ca, and Am, N, Ca, plants (November). 

Plants which received the high levels of ammonium and calcium showed 
well marked symptoms of magnesium deficiency until May. Later (June) 
the symptoms appeared milder and, towards the end of the experiment, 
of little consequence. 

The incidence of Bird’s Eye Spot disease (Helminthosporium heveae), 
as measured by the number of lesions and of affected leaflets, appeared 
related to the nutrient level. Both amonium and nitrate addition increased 
the incidence of the disease but calcium had the reverse effect. Whether 
the severity of the disease was related to the nutrient level is being further 
investigated in subsequent experiments. 

The number of leaves borne per plant increased with ammonium or nitrate 
supply (Fig. 1); nitrate was more effective than ammonium. Increased 
calcium level usually increased the number of leaves produced at the higher 
levels of ammonium and nitrate supply but had little effect at the lower 
levels. The number of leaflets produced per whorl or flush also varied 
markedly with nitrate level and, to a lesser extent, with ammonium. 

Increased ammonium or nitrate supplies increased the height of each 
plant; the overall effect of nitrate was greater than that of ammonium 
(Figure 1). The height difference between the Am, and Am, plants was 
much greater than that between the Am, and Am,. Increased calcium did 
not produce a consistent effect. The tallest plants in the experiment grew in 
the Am, N, Ca, treatment (270 cms.) and the shortest in the Am, N, Ca, 
treatment (141 cms.). Neither the number of leaves nor the height measure- 
ments are presented here. 
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Table 1, Girth of stems and total dry weight of plant (shoot+root). Girth measured at a 
height of 7 cms above sand level on 10.11.54 and dry weight taken on 22.11.54. 


Level Am, Am, Am, Ca, Ca, Mean 
Girth (cms) | 
De ee er 5.4 7.5 7.2 6.6 6.7 6.7 
RR 7.6 8.1 8.0 8.0 7.8 7.9 

(+ 0.22) (+ 0.18) (+ 0.13 
Dann. 8.7 8.8 8.6 8.5 8.9 8.7 
et EN 2 8.1 7.7 51 
| (+ 0.18) + 0.10 
LT ee 7.2 1 8.2 7.8 
Mean 7.2 | 7.9 7.7 7.8 7.8 
(+ 0.13) (+ 0.10) 
Dry weight (grams) | 
DEN une 141 351 334 278 272 275 
NEE en as 339 421 422 398 390 394 
(+ 22) (+ 18) (+ 13) 
SEIT 439 486 498 456 492 474 
PRE 300 423 410 378 
(+ 18) (+ 10) 
Bars so rd. 5 313 416 426 385 
Mean | 306 419 418 378 385 381 
| (+ 13) (+ 10) 


Girth measurements of the stem were taken, towards the end of the 
experiment, at a height of 7 cms. above sand level. Both ammonium and 
nitrate addition increased the girth (Table 1) but whereas the N, plants 
possessed a larger girth than the N,, the Am, Ca, plants possessed a slightly 
smaller girth than the Am, Ca,. The overall effect of nitrogen given as 
nitrate was greater than if given as ammonium (Table 1). If the girth 
measurement can be regarded as an index of growth the observations 
‘suggested that the slight but not significant decrease in girth at the Am, Ca, 
level was due to a mild toxicity effect (which was not reflected in the height 
observations). No such suggestion of toxicity was obvious for nitrate at the 
levels used. 


Dry Weight of Plant (Table 1) 


Nitrate application produced a greater dry weight per plant response 
than did ammonium and was most beneficial when applied to the Am, 
plants. Nitrate addition produced a greater response when applied in the 
presence of the higher level of caleium but this interaction effect (N X Ca) 
was not significant. The dry weight values, recorded in November, showed 


40 
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Figure 2. Ammonia -N and nitrate -N con- 
centrations (expressed as p.p.m. nitrogen) 
of leachate. Overall means for July Sep- 
tember and October values. Continuous 
lines denote effect of increasing ammo- 
nium supply; broken lines denote effect 
of increasing nitrate supply. 


NITRATE - NITROGEN 
nu 
© 


0 5 ER IS CON EE 
AMMONIUM- NITROGEN 


that an increase of ammonium supply from the Am, to the Am, level pro- 
duced no significant overall response but that there were indications of a 
slight depressive effect in the Ca, treatments. The beneficial, but not signi- 
ficant, effect of calcium addition was only apparent at the Am, and N, levels; 
it produced no effect at the lower levels. 

Plants which grew most occurred in the Am, N, Ca, (505 g.) and Am, N, 
Ca, (518 g.) treatments. 


Leachate Composition 


The mean pH and the nitrogen composition (in p.p.m.) of the nutrients 
were found to be as follows: 


Level | pH | Ammonia-N Nitrate-N Level | pH | Ammonia-N Nitrate-N 
Amı.. 5.3 11 | 39 ENG 5.2 39 13 
Am» .. 5.2 40 40 No. 5.2 38 39 
Ams.. 4.9 65 39 NSS, 5.0 39 66 
S.E. | + 0.06 | + 0.92 + 0.83 SE, | + 0.06 | + 0.92 + 0.83 


Once the nutrient solutions had been in contact with the roots of the 
plants these values rapidly changed to the following: 


2 


| Level pH Ammonia-N Nitrate-N Level | pH | Ammonia-N | Nitrate-N 
Ee | eee 


| Am: 5.3 2 10 Ni “se 3.3 8 2 
| AM» .. 3.4 8 15 No eee 3.8 10 10 
| Ams..| 3.0 22 16 Narr 4.6 13 27 


S.E. | + 0.09 + 0.97 +1.9 S.E. | + 0.09 | ot Melle no 
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Table 2. Per cent Rubber in Dried Petioles. September and November samplings: 
Mean values. 


Level Am, Am, Am, Ca, Ca, Mean 
TE 
Ns eus 1.58 1.42 1.46 1.45 1.52 1.48 
NET met cis 1.37 1.44 1.32 1.43 1.32 1.38 
(+ 0.11) (+ 0.09) (+ 0.06 
Nee ee 1.55 1.42 1.28 1.51 1.33 1.42 
CAT RS nei 1.50 1.44 1.45 1.46 
(+ 0.09) (+ 0.05) 
CAS PRET Ter à 1.50 1.41 1.25 1.39 
Mean 1.50 1.43 1.35 1.46 1.39 1.43 
(+ 0.06) (+ 0.05) 


The pH of the leachate decreased as the ammonium level of the nutrient 
solution increased, while increased nitrate level had a smaller but opposite 
effect. As the ammonium level of the nutrient solution increased the nitrate 
concentration of the leachate increased, and as the nitrate level of the 
nutrient increased so did the ammonium concentration of the leachate. The 
former effect may have been partially caused by the nitrification of some 
of the nutrient ammonium-nitrogen to the nitrate form. This is illustrated 
in Figure 2 which shows an increase in nitrate concentration of the leachate 
(at any one nitrate level) as the ammonium level of the nutrient increased. 
The sharp increase of the nitrate concentration of the leachate at the N, and 
N, levels as the ammonium supply was increased from Am, to Am,, and 
the absence of further increase from Am, to Ams, suggested that at the 
higher N levels nitrification may proceed only to a limited extent and that 
this limit was related to the nitrate concentration. 


Composition of Plant 


Rubber. (Table 2). — Determinations of the rubber concentration of the 
stems, petioles and laminae were carried out at varying times during the 
experiment. These analyses revealed that an increase in either ammonium 
or nitrate levels generally decreased the concentration of rubber in the tissues 
examined. For the laminae and for the (bulked) stems and petioles the 
nitrate effect achieved bare significance; the ammonium effect was not 
usually significant. Calcium addition had little effect. Values for the petiolar 
rubber concentrations are presented in Table 2. 

Figure 3 illustrates how the rubber concentration of the laminae declined 
as the total nitrogen concentration of the laminae increased. 

Chlorophyll. (Table 3). — Addition of either ammonium or nitrate nitrogen 
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Figure 3. Variation of rubber concentration of laminae with total nitrogen concentration. 
(Results expressed as °/o of dry laminae). Means of September and November values. 


Table 3. Chlorophyll and total nitrogen concentrations in laminae. May, July, September 
and November samplings. Mean values. Chlorophyll expressed as mg. per gram of dry 
lamina and nitrogen as °/o of dry laminae. 


Level Am, Am, Am, Ca, Ca, Mean 
Chlorophyll 
IN cms 5.51 6.54 7.87 6.91 6.37 6.64 
ND sers | 5.81 1.55 8.50 7.26 7.31 7.29 
+ 0.19) (+ 0.15) (+ 0.11) 
ING nern 6.86 7.41 8.61 ald 7.48 7.62 
ee eae 6.28 7.24 8.42 7.31 
| (+ 0.15) (+ 0.09) 
CAD etes 5.84 7.09 8.23 7.05 
Mean 6.06 . 8.32 To 7.05 7.18 
(+ 0.11) (+ 0.09) 
Nitrogen 
Ne tre ne nn ge 2.95 3.18 3.77 3.38 3.23 3.30 
NER CRE Stele 3.04 3.47 4.04 3.54 3.50 3.52 
(+ 0.049) (+ 0.040) (+ 0.028) | 
NE ee creme) 3.36 3.79 4.22 3.84 3.74 3.79 
CARE cule heats 3.16 = 3.49 4.10 3.58 
| | (+ 0.040) (+ 0.023) 
VASE 3.08 3.47 Ve 3.49 
À en sn. a. 
Mean 3.12 3.48 4.01 3.58 3.49 3.54 
(-+ 0.028) (+ 0.023) 
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Figure 4. Variation of chlorophyll concentration of laminae with total nitrogen con- 
centration. (Chlorophyll expressed as mgms. per gm. of dry matter and nitrogen as °/o 
of dry laminae). Means of May, July, September and November values. 


increased the chlorophyll concentration of the laminae. This was reflected 
in the strong positive correlation (r=0.94) between the laminar total nitrogen 
and chlorophyll concentrations (Figure 4). Nitrogen added as ammonium 
was usually more efficient in increasing the chlorophyll concentration than 
if added as nitrate. The depressive effect of calcium level was barely signi- 
ficant but the correlation between the laminar chlorophyll and calcium 
concentrations was both highly significant and negative (Figure 5). The 
relationship was not so clearly defined as that which existed between nitrogen 
and chlorophyll but it was evidently of overall importance to the plant. 

Nitrogen. (Tables 3, 4, 5). — Increased ammonium or nitrate supply 
increased the total nitrogen concentration of the laminae whereas calcium 
addition caused a small but significant decrease. It was interesting to note 
(see Figure 6) that, although both ammonium and nitrate nitrogen applica- 
tions increased the total nitrogen of the laminae, it was only when that 
increased concentration was induced by nitrate addition that the girth of 
the plants consistently increased with nitrogen concentration of the laminae. 
A similar increase was observed at the N, level on the addition of ammo- 
nium but no appreciable increase at the higher N levels was noted. 

The total nitrogen concentration was related to the ammonia-nitrogen, 
nitrate-nitrogen, amide-nitrogen and the free amino-acid nitrogen of the 
laminae in the manner shown in Figure 7. With the exception of nitrate 
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Figure 5. Variation of chlorophyll concentration of laminae with calcium concentration. 
(Chlorophyll expressed as mgms. per gm. of dry matter and calcium as °/o of dry 
laminae). Means of May, July, September and November values. 


Table 4. Ammonia-N and nitrate-N concentrations in laminae. May, July, September and 


November samplings. Mean values — expressed as p.p.m. N of dry laminae. 
Level Am, Am, Am, | Ca, Ca, Mean 

Ammonia-N 

N 44 43 66 48 55. 51 

Nate 2 case 45 57 27 54 65 : 0 
(+ 4.6) (+ 3.7 (+ 2.6) 

Nee 45 84 100 75 76 

Cage ents atwars 37 55 86 59 
(+ 3.7) (+ 2.2) 

Cast ara 53 68 76 66 

Mean 45 61 81 59 66 62 
(+ 2.6) (+ 2.2 
Nitrate-N 

Niort aude des 64 96 157 106 105 106 

INS Saints 77 125 179 120 133 127 
(+ 10.0) (+ 8.1) (+ 5.7) 

Na ss suas ates, tds 114 176 214 8 153 168 

CATs soccer 99 130 181 136 
(+ 8.1) + 4.7 

(EYES RATE | 1a! 134 186 ah 

a i a ee he ee ee ee 
Mean 85 132 183 136 130 133 

(+ 5.7) (+ 4.7) 
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Table 5.. Amide-N and amino-N concentrations in laminae. May, July, September and 
November samplings. Mean values — expressed as p-p.m. N of dry laminae. 
See Br re u u A AB 


Level Am, Am? Ams Cay Cag Mean 
Amide-N 
N ee ao, 194 216 . 282 248 213 230 
ee ee 208 ' 237 300 263 234 248 
+ 15.8) (+ 12.9) + 9.1 
NS MR sr 217 269 347 284 271 278 ) 
CAPES LR AR 218 253 324 265 
| (+ 12.9) (+ 7.5) 
- 4 / 
CRB oe. Ana | 195 228 295 239 
Mean 206 241 310 265 239 252 
(+ 9.1) (+ 7.5) 
Amino-N 
ee u res 501 514 737 564 604 584 
Ne cat 510 588 957 677 693 685 
(+ 40.2) (+ 32.8) (+ 23.2) 
Nam Su 594 762 1079 854 770 812 
are. deu 554 632 908 698 
(+ 32.8) (+ 18.9) 
Cee eee | 515 611 940 689 
Mean 535 ; 622 924 698 689 694 
(+ 23.2) (+ 18.9) | 


these fractions appeared to be related to the total nitrogen by a curvilinear 
line. The total nitrogen/nitrate-nitrogen curve appeared, in the range ex- 
amined, to be a straight line. The concentrations of amino-, amide-, and 
ammonia-, nitrogen, present decreased as the total nitrogen decreased but 
apparently were capable of either levelling off and reaching a constant 
concentration, or of decreasing much less rapidly in relation to the total 
_nitrogen concentration. 

Nitrogen added in the ammonium form was usually more efficient than 
nitrate in increasing the various soluble nitrogen fractions (Tables 4, 5). This 
suggested, in regard to the nitrate fraction, that much of the nitrogen entered 
the plants as the ammonium ion but that, in part, some of it was oxidised 
to nitrate within the plants — a possible detoxication mechanism. 

Increased calcium supply significantly decreased the amide-nitrogen con- 
centration of the laminae (Table 5) but increased that of the ammonia-nitro- 
gen fraction (Table 4). A highly significant interaction between ammonium 
and calcium levels, on the laminar ammonia-nitrogen fraction was also 
evident (Table 4). 

Phosphorus. (Table 6). — Increased ammonium or nitrate supply pro- 
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Figure 6. Relationship between 
girth measurement and nitrogen 
concentration of laminae. (Girth 
in cms. and nitrogen as °/o of 
dry matter). Overall mean values 
for November. Continuous lines 
denote effect of increasing am- 
monium supply; broken lines 
denote effect of increasing ni- 
trate supply. 
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duced an overall decrease in the concentration of phosphorus in the laminae. 
While the depressive effect of ammonium supply was greatest at the N, level 
and of nitrate supply at the Am, level the opposite effects were recorded at 
the N, and Am, levels, respectively. This AmXN interaction effect was 
significant at the 0.1°/o level. Calcium addition did not produce any marked 
or consistent effect. 

As the phosphorus concentration of the laminae decreased the free amino- 
acid nitrogen concentration increased, particularly at the Am, and N, levels 
(Figure 8). At the higher levels of nitrogen supply, increase in amino-nitrogen 
concentration became independent of phosphorus concentration. 

Potassium. (Table 6). — The addition of either ammonium or nitrate 
nitrogen decreased the potassium concentration of the laminae. The overall 
effect of extra calcium supply was not significant but its effect varied with 
nitrate level to produce a significant NXCa interaction effect (Table 6). 

The potassium concentration of the laminae decreased almost linearly as 
the nitrogen concentration increased (Figure 9). This negative correlation was 
highly significant and was independent of the form in which the nitrogen 
was supplied to the plant. 

The increase in ammonium or nitrate levels which resulted in a decreased 
potassium concentration also caused an increase in the concentration of free 
amino-acid nitrogen in the lamina (Fig. 8). As the potassium concentration 
of the laminae decreased the concentration of amino-nitrogen increased. 
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Figure 7. Relationship between total nitrogen concentration of laminae and: ammonia -N; 
nitrate -N; amide -N; amino-acid -N. (Total nitrogen. expressed as °/o of dry matter and 
soluble fractions as p.p.m. N of dry laminae). Treatment means for May, July, September 

and November. 
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Table 6. Phosphorus and potassium concentrations in laminae. May, July, September and 


November samplings. Mean values — expressed as °/o of dry laminae. 
Level Am, Ama Ama Caı Cag Mean 
Phosphorus 
Nie fe hens CATE 0.50 0.34 0.29 0.38 0.37 0.38 
No ende ates o 0.39 0.30 0.30 0.32 0.34 0.33 
(+ .022) (+ .018) (+ .012) 
Nase users 0.27 0.28 0.30 0.29 0.28 0.28 
CAM RS etes 0.38 0.31 0.30 0.33 
(+ .018) (+ .010) 
(CAND, me ea ae 0.40 0.31 0.29 0.33 
Mean | 0.39 0.31 0.30 0.33 0.33 0.33 
(+ .012) (+ .010) 
Potassium 
ING Etat Me ote asset 1.74 1.55 1.43 1.51 1.64 1.57 
Nour tere 1.50 1.33 1.28 37 1.44 1.41 
(+ .044) (+ .036) (+ .025) 
NR 1.54 1.21 1.14 1.35 1.24 1.30 
(Oy rec 1.62 1.34 1.26 1.41 
(+ .036) (+ .021) 
Gasen tirer 1.63 1.38 1.31 1.44 
Mean 1.63 1.36 1.28 1.41 1.44 1.42 
(+ .024) (+ .021) 
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Figure 8. Relationship between 
free amino-acid nitrogen con- 
centration of laminae and: phos- 
phorus, potassium and calcium 
60 concentrations. (Amino -N ex- 
pressed as p.p.m. of dry matter 
and P, K and Ca as °/o of dry 
laminae). Overall means for 
May, July, September and No- 
vember values. Continuous lines 
40 denote effect of increasing am- 
monium supply; broken lines 
denote effect of increasing ni- 
trate supply. 
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Magnesium. (Table 7). — Increased supplies of ammonium nitrogen 
decreased (particularly at the N, level) the concentration of magnesium in 
the laminae, whereas increased nitrate supply produced an overall increase 
in magnesium concentration. The effect of nitrate addition varied according 
to calcium level, a marked increase of magnesium concentration occurring 
only at the Ca, level; this NX Ca interaction effect was highly significant. 


Increased calcium supply markedly decreased the magnesium concentra- 
tion of the laminae. 


Calcium. (Table 7). — As for magnesium, but more markedly so, the 
calcium concentration of the laminae decreased with increased supplies of 
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Figure 9. Variation of potassium concentration of laminae with total nitrogen concentration. 
(Potassium and nitrogen expressed as °/o of dry matter). Means of May, July, September 


and November values. 


Table 7. Magnesium and calcium concentrations in laminae. May, July, September and 


November samplings. Mean values — expressed as °/o of dry laminae, 
Level Amı Ama Ams Ca: Cag Mean 
Magnesium 
Narr | .22 22 20 23 20 .22 
IN pren 2% due .23 .25 22 6 .20 .23 
(+ .009) (+ .007) (+ .005) 
INS topes ws res 26 .26 .21 28 .20 .24 
Gates See ered or 28 21 23 .26 
(+ .007) (+ .004) 
TR Gee eee .20 .22 18 .20 
Mean 24 .24 21 26 .20 .23 
(+ .005) (+ .004) 
Caleium 
INA nennen .66 45 34 .36 .62 .49 
NON 67 48 38 se 70 51 
(+ .022) (+ .018) (+ .013) 
INS Mois ne er 61 .50 .39 .30 ot .50 
ee Gees ye tds 44 31 24 .33 
(+ .018) (+ .011) 
OS ME re eue .86 .65 .50 .67 
a 9 Ne 9 u 2 
| Mean 65 48 37 a .67 50 
(+ .013) (+.011) 
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Figure 10. Relationship between calcium con- 
centration of laminae and leachate pH. (Cal- 
50 al cium expressed as °/o of dry matter). Overall 
means for September and November values. 
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ammonium nitrogen. Nitrate addition generally had the reverse effect at the 
Am, and Am, levels but produced a decrease at the Am, level. This Am XN 
interaction effect was significant but the overall effect of nitrate addition 
failed to achieve significance. 

Increased calcium supply increased the calcium concentration of the 
laminae; the effect was greatest at the Am, and N, levels. Both the Am XCa 
and NX Ca interaction effects were highly significant. 

Whereas the phosphorus and potassium concentrations of the laminae 
tended to decrease as the free amino-nitrogen increased (whether caused 
by extra ammonium or nitrate supply) the calcium concentration showed a 
similar relationship only when the amino-nitrogen increase was due to 
extra ammonium supply (Figure 8). Nitrate addition was found to increase 
both free amino-nitrogen and the calcium concentrations at the Am, and 
Am, levels. Thus the amino-nitrogen fraction was not related as closely to 
calcium concentration as it was to potassium and phosphorus concentrations 
and variation in amino-nitrogen was not always related to calcium concentra- 
tion in the same manner. 

It was noteworthy that the calcium concentration of the laminae bore some 
relationship to the pH of the medium surrounding the roots (Figure 10). 
Thus the application of ammonium nitrogen at any one N level reduced 
both the pH of the leachate and the calcium concentration of the laminae. 
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Discussion 


The results revealed that application of ammonium nitrogen may produce 
some effects which are similar to those of nitrate nitrogen (for example, 
effects on the concentrations of nitrogen, potassium, and phosphorus found 
in the laminae) and some which are dissimilar (effects on leachate pH, mag- 
nesium and calcium concentrations in the laminae). 


Where the effect of nitrogen application varied according to the ionic form in 
which it was applied, this variation may have been partially explicable in terms of 
the more rapid absorption of the ammonium ion in relation to nitrate and other ions 
and the consequent differential change in pH of the nutrient medium surrounding 
the roots (see »Leachate Composition»). These changes may have ultimately affected 
the concentration of the minerals in the leaves (Figure 10). An alternative explana- 
tion is suggested by work carried out by Gilbert, Shear, and Gropp (1951). They 
showed, for the tung tree, that the formation of oxalic acid was directly related to 
the nitrate supply; an increased proportion of ammonium to nitrate in the nutrient 
decreased the amount of oxalic acid produced. On this basis, the decreased uptake of 
calcium due to increased ammonium supply (Table 7) might be the result of the 
lowered oxalate content of the plant and the smaller quantity of insoluble calcium 
oxalate needed to be formed. Such a simple relationship could also be extended to 
explain the opposing effects of ammonium and nitrate on various other constituents 
whose accumulation was related to the amount of calcium absorbed. Militating 
against this possible explanation is a report made by Olsen (1939) who showed that, 
although ammonium ions inhibited the absorption of calcium, spinach plants fed 
with ammonium nitrogen contained more oxalic acid than others grown in a nitrate 
medium. However, if it can be shown that Hevea brasiliensis reacts in the same 
manner as the tung tree, and produces more oxalic acid as the nitrate-ammonium 
supply ratio increases, it may prove possible to resolve the differential effect of these 
two sources on that basis, particularly in view of the recent findings of Finkle and 
Arnon (1954). These workers demonstrated the presence of an oxalic acid oxidase, 
in the cytoplasmic particles of the sugar beet leaf; this enzyme oxidatively decom- 
posed oxalate. Thus there is the possibility that the oxalic acid found in plants is not 
an inert end-product of metabolism but may be further utilised. 


Where the effect of nitrogen application did not vary according to the 
form in which nitrogen was supplied it produced an overall response which 
was dependent solely on an increased acquisition of nitrogen; this was, pre- 
sumably, soon metabolised and elaborated into compounds which affected 
the laminar concentrations of rubber, chlorophyll, and potassium (Figures 
3, 4, 9). Significant but negative linear interaction effects between ammonium 
and nitrate levels were recorded for girth, dry weight and phosphorus 
concentration (Tables 1, 6). Thus, the effect of ammonium application on 
dry weight, for example, was less at the N, than at the N, level (Table 1). 
On the other hand, ammonium and nitrate levels interacted to produce a 
significant positive linear effect on ammonia- and amino-, nitrogen, con- 
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centrations in the laminae (Tables 4,5); this implied that the effect of either 
ammonium or nitrate addition on these concentrations increased with N or 
Am level, respectively. 

The finding that the free amino-acid nitrogen fraction of the laminae 
increased as the concentrations of potassium and phosphorus decreased 
(Figure 8) was in agreement with reports of previous investigations (Wall, 
1940, Sideris and Young, 1946, Cooil and Slattery, 1948; Gregory, 1937, 
Steinberg, Bowling and McMurtrey, 1950). It appeared that these inter- 
relationships were largely independent of the form in which nitrogen was 
applied, unlike that observed for calcium in which the effect was only 
apparent when the free amino-acid nitrogen increase was caused by an 
increased supply of ammonium nitrogen (Figure 8). 

Figure 7, provides evidence of the close relationships which existed between 
the total nitrogen concentration and the amino, amide and ammonia 
fractions in the laminae. The similarity in shape between the amino and 
amide curves indicated a probable interconvertibility between these fractions. 
The more linear appearance of the total nitrogen/nitrate curve suggested that 
nitrate concentration was not limited by any internal factor but depended 
more on the level of external supply of nitrogen. The remaining soluble 
nitrogen fractions were however influenced not only to the extent of their 
primary synthesis but also by various breakdown processes of more elaborate 
nitrogenous substances. 

It seemed likely that at the higher levels of ammonium supply a detoxica- 
tion mechanism, whereby excessive amounts of the ammonium ion were 
oxidised to nitrate, became operative. This would account for the increased 
nitrate concentration found in the laminae when the ammonium level (of 
the N, and N, nutrients) was increased from Am, to Am, (Table 4) as 
there was no evidence of corresponding nitrification taking place in the sand 
(Figure 2). A report of a similar detoxication mechanism in rice has been 
made by Malavolta (1954). An alternative explanation is to assume that 
ammonium was preferentially utilised in the presence of nitrate which would 
cause an accumulation of the latter in the laminae. These alternative ex- 
planations could be resolved if it were possible to grow Hevea in a sterile 
medium supplied with ammonium nitrogen only. 

Figure 6 indicates that an increased nitrogen concentration in the laminae attribut- 
able to nitrate absorption invariably increased the girth measurement of the stem 
whereas nitrogen increases caused by extra ammonium supply did not always 
appreciably influence the girth. Thus nitrification rate and the balance of nitrate to 
ammonium ions in soil solution may, under field conditions, play a large part in the 
development of rubber trees of suitably large girth for commercial tapping purposes. 


This investigation has not disclosed the identity of the factor which is favourably 


influenced by nitrate (but not always by ammonium ion) addition and which pro- 
motes the girth increase. 
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As the nitrogen concentration of the laminae increased the rubber con- 
centration decreased (Figure 3); this negative correlation achieved signi- 
ficance at the 5 /o level. A similar reduction in the rubber concentration 
of bulked stems and petioles (not presented here) with increased ammonium 
and nitrate levels was also observed. The negative effect of nitrate (signi- 
ficant for laminae and for bulked stems and petioles) was usually more 
consistent than that of ammonium, but the difference in degree was not of 
sufficient magnitude to be important. Thus, as the nitrogen concentration 
of the laminae increased, the chlorophyll also increased but the rubber 
concentration decreased (Figures 3, 4). These results are at variance with 
those obtained from a previous investigation conducted on field grown plants; 
it was then found that the nitrogen concentration of the laminae was posi- 
tively correlated with the rubber concentration of the petioles (Bolle-Jones 
and Ratnasingam, 1954). The range of laminar nitrogen concentration 
covered in the present investigation was much wider. This may imply that 
the present results possess a greater general validity but does not explain 
why increased nitrogen and chlorophyll concentrations in the laminae accom- 
panied a decrease in rubber concentration. On a priori grounds it had been 
anticipated, wrongly, that a high chlorophyll concentration would enhance 
the amount of rubber present. Further investigation is necessary to establish 
with certainty the effect of nitrogen level on various organic constituents of 
the lamina which may be involved in the formation of rubber. 


It has been noted (for Hevea brasiliensis) that, even under conditions of 
severe deprivation of calcium supply, diagnostic symptoms of deficiency 
may be absent although the growth of the plants and the laminar calcium 
concentration were much reduced (Bolle-Jones 1954b). The present ex- 
periment confirmed that, despite the low level of calcium administered in the 
Ca, nutrients, visual indications of malnutrition were absent. Frequently, the 
general appearance and total dry weight per plant were similar for plants 
receiving different ratios of ammonium to nitrate supply (for example, 
Am, N, — 339 g: Am, N, — 351 g.) whereas the calcium concentrations of 
the laminae differed significantly (Am, N, — 0.65 °/o Ca; Am, N, — 0.40 °%/o 
Ca). The remarkably low requirement for calcium (as reflected in the low 
calcium concentration at the Am, Ca, level, Table 7) coupled with the plant’s 
tolerance of a low pH may represent an adaptation to strongly acid tropical 
soils and may explain the facile cultivation of the crop under Malayan 
conditions. At any one nitrate level the calcium concentration of the laminae 
decreased as the pH of the leachate solution decreased (Figure 10), as a 
result of increasing ammonium supply, but the total dry weight per plant 
did not usually decrease (Table 1). It is not known whether the low pH 
of the medium surrounding the roots directly reduced the absorption of 
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calcium or whether the rapid absorption of the ammonium ion hindered 
calcium uptake. The work of Arnon et alü (1942 a, b) suggests that a low pH 
may directly decrease calcium absorption; Steinberg (1949) has shown, for 
tobacco, that increased acidity increased the requirement for calcium if the 
same level of dry matter production was to be maintained. Olsen (1953) 
claimed that the pH value of the nutrient solution, per se, had no direct 
effect on ion uptake except below 3.5 and above 10.5 at which direct 
damage was caused, Nevertheless it is generally agreed than an increased 
supply of ammonium nitrogen will decrease the uptake of calcium (Olsen 
1939; Hewitt 1952, p. 95); there can be little doubt on the basis of thé present 
experiment that the requirement of Hevea for calcium seemed to decrease 
as the ammonium content of the nutrient increased. 

Calcium addition did not induce many significant responses except in 
regard to the following laminar constituents; (positive) ammonia-nitrogen, 
calcium; (negative) chlorophyll, total nitrogen, amide-nitrogen, magnesium. 
It was interesting to note that calcium addition increased the ammonia- 
nitrogen concentration of the laminae but decreased that of amide-nitrogen. 
This might suggest that increased calcium concentration within the laminae 
caused a partial decomposition of the amides with the production of 
ammonia. Steward and Preston (1941) have also indicated that application 
of calcium (as the nitrate) appreciably increased the ammonia-nitrogen 
accumulated in potato discs. 

From the standpoint of practical application the significant interaction effects be- 
tween nitrate and calcium levels on magnesium and calcium contents were of import- 
ance (Tables 6, 7). At a low calcium level nitrate application markedly enhanced the 
magnesium concentration of the laminae and reduced that of calcium, but at the 
higher calcium level nitrate application did not affect magnesium but increased the 
concentration of calcium. Accordingly in the widely distributed and severely affected 
magnesium deficient areas of Malaya it may prove advantageous to apply nitrate (or 
ammonium fertilisers if nitrification conditions are favourable) in the absence of 


calcium containing fertilisers; this action should increase the concentration of magne- 
sium within the laminae. 


The outstanding information gained from this investigation from the 
standpoint of future sand culture experiments was the tolerance of Hevea 
to relatively high concentrations of the ammonium ion in the nutrient. The 
five milligram-equivalents of ammonium salt applied per litre at the Am; 
level-represented a higher concentration than usually applied in recently 
developed »typical nutrient solutions» as quoted by Hewitt (1952). Very slight 
but not significant indications of toxicity, as measured in terms of girth 
and dry weight, were observed at the lower calcium level (Table 1). Extreme 
susceptibility of Hevea to iron chlorosis, and a relatively high requirement 
for iron in the nutrient to avoid this chlorosis, are commonly experienced 
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when the plant is supplied with nitrate nitrogen (Bolle-Jones 1954 a, b). 
The well marked and better response of chlorophyll production to ammonium 
application (as compared with nitrate) in this experiment and the complete 
absence of chlorosis at the higher ammonium levels indicates the desirability 
of using ammonium salts for all subsequent sand culture experiments with 
Hevea. 


Summary 


1. Seedlings of Hevea brasiliensis were grown in sand culture and were 
supplied with varying ratios of ammonium and nitrate nitrogen and a very 
low or normal level of calcium. The plants tolerated a high level of ammo- 
nium supply and the low level of calcium without any serious or permanent 
visual indication of malnutrition. 


2. Ammonium or nitrate addition exercised a similar positive effect on dry 
weight of plant, and on the concentrations in the laminae of chlorophyll, 
ammonia-, nitrate-, amide-, free amino-acid and total-, nitrogen, and similar 
negative effects on the laminar concentrations of phosphorus and potassium. 
For the chlorophyll, ammonia-, nitrate-, amide-, free amino- and total-, 
nitrogen, and potassium concentrations the overall response to ammonium 
was more marked than to nitrate. 


3.. Ammonium and nitrate exerted differential effects on the magnesium 
and calcium concentrations of the laminae and on the pH of the medium 
surrounding the roots. Ammonium addition decreased the magnesium and 
calcium laminar concentrations and of the (leachate) pH, while nitrate 
addition increased the laminar concentration of magnesium for the low 
calcium plants, the laminar concentration of calcium for the high calcium 
plants and the (leachate) pH. 

4. The inclusion of ammonium salts as a source of nitrogen supply de- 
“creased the requirement for calcium and did not always increase the stem 
girth measurement of the plants as nitrate addition invariably did. 

5. As the potassium and phosphorus concentrations of the laminae de- 
creased, the free amino-acid nitrogen present increased. A similar increase 
was obtained for a decreased laminar concentration of calcium but only 
when that decrease was caused by extra ammonium supply. 

6. Increased calcium supply decreased the chlorophyll and amide-nitrogen 
concentrations within the laminae but increased that of ammonia-nitrogen 
at the lower levels of ammonium supply. 

7. The ability of Hevea brasiliensis to withstand extremely low pH values 
. and relatively high ammonium concentrations, and the requirement for a 


41 
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very small supply of calcium, may be a partial explanation of the successful 
cultivation of the crop under tropical, strongly acid, soil conditions. 


I thank Mr. Chin Tet Tsoy for his care and maintenance of the growing plants and 
Mr. K. Ratnasingam for his supervision of the chemical analyses. 
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Introduetion 


In works by Koski (6), Koski and Smith (7), Koski et al. (8), Smith and 
Benitez (22), and Virgin (25), clear evidence has been presented supporting 
the hypothesis that protochlorophyll is the precursor of chlorophyll a. At 
least this is the case in early stages of chlorophyll a formation in an etiolated 
plant. In this paper it will be shown that in the later stages of the process 
other chains of reactions leading to the formation of chlorophylla are in- 
dicated. 

Three distinct stages are demonstrable during chlorophyll formation when 
an etiolated plant is subjected to light. First, the small amounts of proto- 
chlorophyll always present in etiolated plants undergo rapid photochemical 
transformation to chlorophylla. This transformation takes place almost 
immediately when the plant is exposed to light. Since the amount of proto- 
chlorophyll present in an etiolated leaf is very small, so also is the amount 
of chlorophylla formed from it. 

Second, additional chlorophylla is formed. This so-called greening pro- 
cess is much slower than the first step. The concentration of chlorophylla 
in a normal leaf is several thousand times that of chlorophylla formed 
from the protochlorophyll initially present (cf. Smith, 17). Therefore, proto- 
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chlorophyll, if it is the precursor of chlorophylla, must be formed continu- 
ously while an etiolated plant is being illuminated and chlorophyll a is being 
produced. Since very little protochlorophyll can be detected in a green leaf 
in light, its supposed formation must be at a rate very slow in aan, 
to the rate of its protochemical conversion. 

The third stage is the formation of chlorophyll b. The first ‚lee of chloro- 
phyllb appear after about one hour of continuous illumination (Blaauw- 
Jansen et al., 1 and Smith, 20). The precursor of chlorophyll b is not known. 
Seybold (15) suggested such a precursor from studies of the protochloro- 
phyll in the inner seed coats of squash but his findings have not got any 
support by later authors, cf. Smith and Young (23). 

Most plants need light to form chlorophyll a. Exceptions to this are seed- 
lings of certain gymnosperms and others. In this case photochemical reac- 
tions seem to have been replaced by an enzymatic process. Also here proto- 
chlorophyll is reported in small amounts but it is not known whether the 
formation of chlorophylla in such plants goes through protochlorophyll. 
(Cf. Smith and Young, 23). Some parts of certain plants, for example the 
seed coat of pumpkin seeds are rich in a form of protochlorophyll which 
can not be converted (Noack and Kiessling, 10, 11h 

As already mentioned, a certain amount of protochlorophyll is present in 
most plants which have developed in complete darkness. The concentration 
level may vary according to the genetic constitution (Koski, 5). Little is 
known regarding possible restoration of this level in an illuminated etiolated 
leaf which is replaced in darkness or about the importance of the tempera- 
ture factor in such restoration. 

Schnarfnagel (14) found photographic indication of protochlorophyli 
bands after an illuminated leaf of Zea Mays had remained in darkness for 
10—20 hours. No quantitative measurements were made. Rudolph (13) con- 
firmed Schnarfnagel’s observations, and was also able to detect the first 
reappearance of protochlorophyll after the plant had been in darkness for 
about eight hours. 

Smith and Young (23) report a reappearance of protochlorophyll in barley 
leaves which had been kept in darkness after a short irradiation. If an 
etiolated leaf is illuminated for about five minutes, then placed in darkness 
“ for 55 minutes, and this process is repeated over a period of several hours, 
the chlorophyll content of the leaf is increased (Smith, 20). On the other 
hand, if this process is carried on at low temperatures, no further chloro- 
phyll is formed. This indicates that protochlorophyll is not formed at low 
temperatures. In this paper the relationship between rate of reappearance of 
protochlorophyll in darkness at different temperatures and the formation 
of chlorophyll a and b in light has been studied. 
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Techniques 


Plant material 


The experiments were made with etiolated leaves of the strain of barley 
used by Smith and Benitez (22). The treatment and cultivation were in 
accordance with earlier described experiments with protochlorophyll (Vir- 
gin, 25). 


Determination of pigment concentrations 


Determination of the pigment concentrations was based on fluorescence 
measurements. The apparatus used was described in earlier papers (French 
and Young, 3; Virgin, 24, 25). 

For a pigment determination three leaves were cut into small pieces. These were 
ground in a glass mortar with 4 ml. of acetone. This was done in very dim green 
light. The acetone extract was transferred to a Beckman cell for fluorescence 
measurement. 

Control measurements showed filtration of the extract to be unnecessary since 
filtered and unfiltered solutions did not differ appreciably in fluorescence yield. 
The glass cell containing the extract was covered with aluminum foil which had 
an opening the same size as the entrance slit of the analyzing monechromator. 
This was done to be sure that in each measurement the fluorescent light would 


follow the same path in the solution, and thus the fluorescent radiation was taken 
from the same solid angle in each case. 


In determining fluorescence of protochlorophyll and chlorophyll a, incident 
light of 436 mu from a mercury lamp was used, isolated by means of 
Corning filters No. 3389, 5113, and 4305. For determination of chlorophyll b 
fluorescence, the exciting radiation was isolated from the light of a 1000 
watt incandescent lamp by means of a combination of Corning filters No. 
3389, 5030, 4303 and 4305. This radiation band had a maximum intensity 
at 456 mu. 

Determinations of the concentration of protochlorophyll and chlorophylla 
were done according to the procedure earlier described (Virgin, 25). Chloro- 
phyllb was determined in the presence of chlorophylla (protochlorophyll 
was never present, see below). The determination of the individual pigments 
is complicated by the proximity of their main fluorescence bands. Chloro- 
phyllb dissolved in acetone has its main fluorescence peak at 653 mu, and 
chlorophyll a at 668 mu. If an extract containing both pigments is illuminated 
with light absorbed by both pigments and one pigment is present in small 
amount, its fluorescence peak will appear only as a shoulder on the fluore- 
scence curve observed. But by adding fluorescence curves of the individual 
pigments in known ratios the observed curve can be reproduced and the 
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relative proportion of the two pigments calculated (cf. French and Young, 3). 
The labor involved in such an analysis can be greatly lessened by using the 
curve analyzer developed by French et al. (4). 

It should be pointed out that in this paper all measurements of proto- 
chlorophyll are made in relation to chlorophylla concentration and con- 
versely. The experiments were designed so that either one pigment or the 
other should, as far as is known, remain constant under the experimental 
conditions. In all cases one of the pigments was used as an internal standard 
and the results report the variation of the other assuming a constant con- 
centration of the pigment used as a standard. 


Experimental 


Formation of protochlorophyll in previously illuminated, 
etiolated leaves 


Etiolated barley leaves were irradiated for one hour with two fluorescent 
lamps, (Mazda daylight, 15 watt), 5 cm. apart and 27 cm. from the leaves. 
The intensity of the light, measured with a Weston meter, was 200 foot 
candles. During illumination the leaves were evenly distributed over moist 
filter paper in a dish covered with a glass plate. Care was taken that the leaves 
did not cover each other. 

After illumination the leaves were transferred to darkness where they 
were kept for different periods of time and under five different tempera- 
tures: 0, 8, 15, 22, and 30° C. The period in darkness varied from 30 minutes 
to 12 hours except in one series where the regeneration of protochlorophyll 
was also determined after 30 hours in darkness. 

During illumination practically all protochlorophyll, initially present, is 
converted into chlorophylla. The quantity of chlorophyll would thus be 
~ about the same in all samples when returned to the dark and would remain 
so since there is no evidence for a change in the content of chlorophylla 
during the storage in darkness (Figure 1). The level of chlorophylla can 
therefore be used as a standard for calculation of the amount of proto- 
chlorophyll. 

As shown in Figure 1, new protochlorophyll is formed in darkness. 
Figure 2 illustrates how this formation of protochlorophyll takes place at 
different temperatures. It can be seen that formation of new protochloro- 
phyll begins more or less immediately after the plants are transferred to 
darkness. As has been mentioned by Lubimenko and Hubbenet (9), the 
formation of protochlorophyll is completed after about 7—10 hours. There- 
after the level stays constant. It is of interest that this end level is different 
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Figure 1. Fluorescence spectra of barley leaves. Broken line: dark grown leaves, illuminated 

for 15 minutes. Solid line: the same as before, but after an additional stay in darkness 

for eight hours. The spectra are from acetone extracts of seven leaves. The two peaks 

derive from protochlorophyll and chlorophyll a with their maxima of fluorescence intensity 
at 628 mu and 668 mu respectively. 


for different temperatures, and is not only due to a different rate of proto- 
chlorophyll formation. For example, storage in darkness for about 30 hours 
at 8 C does not increase the value beyond that noted after 10 hours. At 
0° C no formation of protochlorophyll takes place, which is in agreement 
with facts known about protochlorophyll and chlorophylla formation at 
low temperatures (Smith, 18, 19). 

Increasing temperatures give increasing rates of formation as well as 
greater end values. These changes are larger for temperatures between 0 
and 15° C than between 15 and 30° C. In fact, an increase in temperature 
from 15° C to 30° C does not change the rate of formation to any large 
extent. Whereas Q,, for lower temperatures is around 2, it is little more 
than 1 for a rise in temperature between 22 and 30° C. 
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PROTOCHLOROPHYLL 
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Figure 2. Formation in darkness of protochlorophyll at different temperatures in etiolated 

and illuminated barley leaves. The units along the y-axes in Figures 2—-5 are relative but 

are all comparable, as one unit of protochlorophyll corresponds to one unit of chlorophyll. 

Consideration is taken to the difference between fluorescence yield of protochlorophyll and 
chlorophyll a. 


The process of greening 


a) Influence of temperature. An etiolated plant which is exposed to 
light will soon assume a pale green color due to chlorophyll formation. To 
reach maximum chlorophyll concentration the illumination has to last for 


about two days. 

So far as is known, the action spectrum for greening during the first hours 
of illumination is the same as that for protochlorophyll—chlorophylla con- 
version. This conclusion is warranted by the following facts. The same type 


-of spectrum is obtained when the actual percentage of protochlorophyll con- 


verted to chlorophylla is measured in short experiments during which no 
further protochlorophyll is formed (Koski et al., 8) as when measurements 
of the action spectrum are based on calculations of light energy necessary 
to form an appreciable amount of chlorophyll during five hours illumina- 
tion (Frank, 2). After this time more chlorophyll is formed than can be 
accounted for by the initial amount of protochlorophyll present. 

The course of the greening process with time has been followed by several 
authors. After the initial transformation the general trend is a rather slow 
accumulation of chlorophylla at the beginning of greening. After 10 hours 
the accumulation is much accelerated. Therefore, if chlorophylla is formed 
from protochlorophyll, the protochlorophyll formation must in some way 
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be influenced by light either through direct action or through the (photo- 
synthetic?) products formed. 

As shown in the previous section, the rate of formation of protochloro- 
phyll in darkness is different for different temperatures. If protochlorophyll 
is the precursor of chlorophylla the rate of chlorophylla accumulation 
should follow the initial rate of protochlorophyll formation when light in- 
tensities just strong enough for the conversion are used. Since the rates of 
protochlorophyll formation vary with temperature the rates of chlorophylla 
accumulation should vary in like manner with temperature. Experiments to 
test this were performed. 

Barley leaves grown in the dark were illuminated at different temperatures at 
the same intensity of light from fluorescent tubes as already described for proto- 
chlorophyll transformation. During illumination the leaves were placed on moist 
filter paper in a culture flask, »Kolle» type, provided with a rubber stopper. The 
flask was immersed in water kept at a constant temperature. Glass tubes through 
the stopper permitted circulation of air inside the flask. 

When samples were taken, the flask was removed from the water bath for a few 
minutes. This did not appreciably change the temperature as measured by a small 
thermometer inside the flask. The largest temperature fluctuation was 1° C for two 


minutes. This change is of no importance, as the change in pigment concentration, 
after the first rapid conversion of protochlorophyll, is a slow process. 


After different periods of illumination leaves were taken from the chamber 
and transferred to complete darkness where they were kept for eight hours 
at 22° C. The pigment concentration was then determined. During this time 
in darkness protochlorophyll will be formed and reach a steady state as 
described in the previous section. It was shown that the different amounts 
of chlorophylla formed in the leaves do not affect the steady state level of 
protochlorophyll after eight hours in darkness, at least not after an illumina- 
tion period of 30 minutes to four hours. This means the protochlorophyll 
level can be used as a standard for calculation of the relative amounts of 
chlorophyll a which are formed. Results of these experiments are shown in 
Figure 3. 

If we first consider the formation of chlorophyll during the initial hours 
of illumination, it is evident that the formation rate follows a more or less 
straight line and differs for different temperatures. From a comparison of 
the slopes of these lines to the slopes of the curves for protochlorophyll 
formation at the beginning of the process, the conclusion can be drawn that 
they show fairly good agreement for 30 and 22° C but not for lower tem- 
peratures (Figure 4). Here light-destruction of chlorophylla (or protochloro- 
phyll?) is noted which is especially evident at 8° C where, during part of 
the illumination, the destruction predominates the formation. 

Such anomalies in curves for chlorophylla formation have been observed 
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Figure 3. Formation of chlorophyll at 
different temperatures in etiolated and 
illuminated barley leaves. Solid lines: 
chlorophyll a. Broken line: chlorophyll E 
b at 22° C. ok 


by many authors (Blaauw-Jansen et al., 1; Smith, 19 a.o.). It is obvious 
that we must always expect partial destruction of the pigments during 
illumination as associated with the photooxidation of the pigments in vitro 
and in vivo (cf. Rabinowitch, 12; p. 537). The effect will be particularly 
obvious at low temperatures where destruction of pigment predominates over 
“formation. It is probable, therefore, that the peculiar shape of the curves 
of Blaauw et al. (1) is due to a chlorophyll destruction which shows up 
clearly when chlorophylla formation is low. As the formation increases 
above the rate of destruction the curve begins to rise again. When the 
destruction is taken into account the formation of chlorophylla probably 
follows the formation of protochlorophyll during the first hours of illumina- 
tion. If this is true, the destruction, however, seems to be greatest at low 
temperatures. After a few hours of illumination some new factor enters and 
the rate of formation increases considerably. The beginning of this increase 
is dependent on temperature as it occurs earlier at higher temperature. 

In a normal leaf the ratio of chlorophyll a to chlorophyll b is about 3 to 1. 
During the initial stage of the greening of an etiolated leaf only chlorophyll a 
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can be detected. At least it has not been possible with absorption spectro- 
photometry to trace chlorophylib earlier than about one hour after the 
beginning of illumination (Blaauw-Jensen et al., 1 and Smith, 20). It would 
therefore be of interest if the sudden change in the rate of chlorophylla 
formation as seen in Figure 3 has something to do with the appearance of 
chlorophyll b. 

Detection of the first appearance of chlorophyll b was performed in the 
following way. Etiolated barley leaves were illuminated as mentioned above. 
Instead of keeping them in darkness for eight hours after illumination, they 
were extracted immediately with acetone and the extract examined for 
fluorescence. In this way no protochlorophyll was present to complicate the 
shape of the fluorescence spectrum obtained. From Figure 3 it is evident 
that the first traces of chlorophyll b appear after about one hour of illumina- 
tion with light intensity of 200 foot candles. Thus, even by using this very 
sensitive method, chlorophyll b can not be traced earlier than approximately 
one hour after the beginning of the illumination. This means that the first 
traces of chlorophyllb appear in the plant before the sudden increase in 
chlorophylla formation sets in. 

Further analysis of the formation of chlorophyllb during continued illu- 
mination shows the rate of formation of this pigment in illuminated etiolated 
plants follows about the same trend as the rate of formation of chlorophyll a. 
It seems probable that two independent processes are involved and that both 


are affected by the same factor at the point of the sudden increase in forma- 
tion rate. 
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phylla at different light inten- 
sities in etiolated and illuminated 
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b) Influence of light intensity. — In the experiments so far reported in 


this paper, the intensity of the light was kept constant. If instead the tempera- 
ture is kept constant (22° C) and the intensity of light is varied we get the 
curves shown in Figure 5. It was shown in Figure 3 that a process sets in 
after about three hours of illuminatiön which results in accelerated forma- 
tion of chlorophylisa and b. The curves in Figure 5 show that this reaction 
is dependent upon the light intensity. 

For about the first three hours of illumination the rate of formation of 
chlorophylla tends to follow the rate of protochlorophyll formation. The 
light intensity has no marked influence if it is above that which will convert 
the protochlorophyll as fast as it is formed. 

The difference in position of the curves can be accounted for by con- 
sidering that at any intensity of light an equilibrium is soon established 
between the protochlorophyll formed and the protochlorophyll converted 
into chlorophylla per unit time. 
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At high light intensities most of the protochlorophyll present at the be- 
ginning of the illumination will be converted and consequently only small 
amounts will ba present at equilibrium. With low light intensities larger 
amounts of protochlorophyll will be present continually due to slower con- 
version. Thus the position of the curve with respect to the y-axis (concentra- 
tion of chlorophylla) at the beginning of illumination will be determined 
by the percentage of protochlorophyll converted prior to attainment of 
equilibrium. After illumination with medium intensities for about three hours 
an acceleration in chlorophylla formation sets in. There does not seem to 
be a linear relationship between light intensity and chlorophyll formation, 
however. At low intensities an increase in light gives rise to an acceleration 
in chlorophyll formation. Within the range of 8—200 foot candles the inten- 
sity does not seem to affect the chlorophyll formation to any notable extent. 
Above 200 foot candles the results indicate a further increase in pigment 
formation. The lower chlorophyll production at 600 foot candles than in the 
other series during the first two hours of illumination can be ascribed to the 
strong pigment destruction at these light intensities. This is clearly evident 
when the rate of pigment formation is low, but less evident when the acce- 
leration of pigment formation sets in — after about 2—3 hours of illu- 
mination. 

At a very low light intensity (0.35 foot candles) the formation of chloro- 
phylla approximately follows a straight line during the first eight hours 
of illumination. This indicates that the formation results from conversion 
of protochlorophyll which itself is formed at a constant rate. After about 
11 hours of illumination even this curve for chlorophyll formation shows a 
more rapid rise. 

It is evident from these experiments that an increase in light intensity 
causes the course of formation of chlorophylla after several hours of illu- 
mination to differ from the course at the beginning. The shape of the curves 
with the onset of the sudden increase in rate of pigment formation gives the 
impression that the process may be autocatalytic. If that is the case, chloro- 
phylla itself can not be the catalyst since the curve for 0.35 foot candles 
follows a straight line even after the concentration reaches the level where 
the sudden increase appears at higher intensities. If it is true that all chloro- 
phylla is formed via protochlorophyll, it would seem that the rate of the 
formation of this precursor is influenced in some way by the light intensity, 
either directly or indirectly via some other substance. 
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Discussion 


The experimental data presented in this paper give strong support to the 
hypothesis that at the start of the greening process chlorophyll a is formed 
in light at the same rate as protochlorophyll is formed in darkness. Due to 
the very rapid photochemical conversion of protochlorophyll into chloro- 
phylla at »normal» light intensities, the rate of formation of chlorophyll 
will be completely determined by the protochlorophyll formation. 

Earlier studies of chlorophyll formation at different temperatures (Lubi- 
menko and Hubbenet, 9) have also shown that the formation of chloro- 
phylla increases about 10-fold for a temperature rise from 5 to 15° C, but 
only 1.1—1.2 times for a rise from 18 to 28° C. As shown in this paper the 
formation of protochlorophyll in darkness at different temperatures has 
about the same temperature dependence as the chlorophylla formation re- 
ported by these authors. 

The fact that the constant rate of formation does not last for more than 
about one hour of illumination with medium intensities, but is followed by 
a sudden increase in the formation, indicates that light has an effect on 
protochlorophyll formation. However, the possibility of quite another mecha- 
nism of chlorophylla formation in this case can not be excluded. As already 
mentioned, Frank’s (2) experiments have shown that even after illumination 
for more than five hours an action spectrum for the formation of chloro- 
phylla is noted which closely resembles the absorption spectrum for proto- 
chlorophyll. However, it can be assumed that the light intensities in these 
experiments by Frank were too low to cause the sudden acceleration in 
chlorophylla formation, but allowed the formation to follow a straight line, 
as with 0.35 foot candles in Figure 5. Therefore it is uncertain whether the 
action spectrum for the later part of the greening process is the same as for 
-the first where it is proved that the process occurs via protochlorophyll. 

The origin of chlorophyllb is still obscure. It seems to be formed quite 
independently of chlorophyll a. The linear relationship between chlorophyll a 
and chlorophyllb seems to be more of an accidental occurrence than some- 
thing essential to the plant. This conclusion can also be drawn from the 
fact that the ratio of the pigments can be altered by changing the conditions 
of illumination (Seybold and Eagle, 16). In addition it is known that chloro- 
phyll b is not necessary for photosynthesis (Smith, 21) but probably acts as 
an auxiliary pigment in absorbing light energy. 
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Summary 


The rate of formation in darkness of protochlorophyll in etiolated leaves 
of barley has been studied at different temperatures and has been com- 
pared with the formation of chlorophylla in light. The concentration of the 
pigments have been determined by means of the intensity of their fluore- 
scence. 

The main results are: 


1. The rate of protochlorophyll formation in darkness as well as the end 
level vary with temperature. The increase in rate is much more rapid for a 
rise in temperature within the interval 0° C to 15° C than between 15° C and 
30° C. These changes in rate are accompanied by the same relative dif- 
ferences in the end levels. 

2. The rate of chlorophylla formation in light follows the rate of proto- 
chlorophyll formation in darkness during the first two hours of illumina- 
tion with medium light intensities. 

3. After about two hours of illumination an acceleration sets in in the 
formation of chlorophylla. Whether this acceleration is accompanied by a 
corresponding acceleration of the protochlorophyll formation has not been 
established. 

4. The first traces of chlorophyll b appear after about one hour after the 
beginning of illumination. This appearance does not seem to have anything 
to do with the aforementioned acceleration in the formation of chloro- 
phylla. 

5. At very low intensities of light the chlorophyll formation follows a 
straight line and does not show any change in the rate of speed. 


The author is indepted to Drs C. S. French, James H. C. Smith and Mr. Harold 
Milner for help and suggestions in the preparation of this paper. 
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In an earlier investigation carried out in this laboratory (Gyllenberg, 
Hanioja, and Vartiovaara, 1954) it was observed that the vegetation obviously 
influences the numbers and kinds of bacteria in forest soils. This influence 
seemed to be most pronounced in forest soil types growing graminaceous 
plants in abundance. Later observations (Hanioja, Gyllenberg, and Vartio- 
vaara, in preparation) have provided additional evidence in this respect. The 
literature reveals a good deal of information about the »rhizosphere effect» 
of higher plants on soil bacteria (cf. e.g. the review of Katznelson, Lochhead, 
and Timonin, 1948). Most of the investigations on this subject, however, 
have dealt with cultivated plants in tilled soils, and the knowledge of cor- 
responding phenomena in virgin soils is quite meagre. The purpose of the 
present investigation was to obtain some information of the »autochthonous» 
bacteria in virgin soils, and specifically of the influence of graminaceous 
plants in this connection. 


Methods 


Four plants were selected for investigation, viz. Phleum pratense, Poa pratensis, 
Anthoxanthum odoratum, and Deschampsia flexuosa. »Rhizosphere samples» of 
these plants and samples of control soils were taken from five different sites. The 
sampling sites are described in Table 1. All the sites were located within a small 
area of approx. 4—5 acres. 

The sampling was carried out during a few days around July Ist (1954). At this 
sampling the plants were in the blooming stage. Later, August 20th, additional 
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Table 1. The source and designation of samples. 


Site Description pH Samples collected 


I 3hd year ley 6.5 | July Ist, 
Control (CI) 
Phleum (Phi) 


II The narrow strip between arable! 6.2 July 1st, 

land (site I) and forest (site III) Control (CII) 
Phleum (PhII) 

Poa (PII) 
Anthoxanthum (All) 
Deschampsia (DII) 


IT | Edge of forest 5.8 | July 1st, 

| Control (CIII) 
Phleum (PhIII) 
Poa (PIII) 


IV Forest, growing pine 5.5 | July Ist, 
Control (CIV) 
Phleum (PhIV) 
Anthoxanthum (AIV) 
Deschampsia (DIV) 
August 20th, 
Control (CIVa) 
Phleum (PhIVa) 
Anthoxanthum (AIVa) 
Deschampsia (DIVa) 


V Rock 4.8 | July 1st, 
Control (CV) 
Deschampsia (DV) 


samples were collected as indicated in Table 1. At this later sampling the plants 
were in the mature stage. 

For the control samples pieces of soil (5X5X5 cm) were cut from each site. The 
plants and roots were extracted and the remaining soil was stirred carefully. 

Several individuals of each plant were collected to obtain »rhizosphere samples». 
The adhering soil was removed from the roots by shaking. The shaking was con- 
tinued until slight slaping against a white enamel dish gave no further visible soil 
from the roots. The roots were then washed in sterile water. The increase in volume 
resulting from suspending the soil in the water was noted, after which a suitable 
scheme was calculated for further dilution. In principle this method corresponds 
to those employed by other authors (e.g. Clark, 1939; Timonin, 1939). 

For the platings, soil extract agar (West and Lochhead, 1940) was employed, 
and the plates were incubated for 14 days at 18° C before counting the colonies. 
40—50 colonies were then taken from representative plates and transferred to 
semi-solid soil extract agar. By this procedure all the colonies from one dish, or all 
the colonies from a certain sector of a dish, were picked up. The cultures were 
examined microscopically, and on the basis of this examination the isolates were 
divided into actinomycetes, spore-forming bacteria, and non-sporogenous bacteria. 
Assuming that the percentual relations between these groups for the isolated cul- 
tures were valid for the initial sample also, the counts representing each group of 


bacteria could be obtained by calculation. 
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To express the effect of the plant roots on the distribution of bacteria in the soils 
the ratio — designed r/s-ratio — of the count (r) for each »rhizosphere sample» 
and that (s) for the corresponding control sample has been calculated. 

228 cultures were selected from the isolated pure cultures for closer study. Of 
these, 177 represented non-sporogenous types and 51 spore-formers. These cultures 
were all isolated from samples representing sites II and IV (cf. Table 1). 

The applicability of the method is a very important problem in »rhizosphere» 
investigations. The present study, however, is to be continued in order to obtain 
more information about the different factors influencing available methods. This 
subject is not, therefore, discussed here in more detail. 

It may suffice to note that as regards the numbers of bacteria belonging to dif- 
ferent systematic groups (actinomycetes, spore-formers, and non-sporogenöus bac- 
teria) the data are quite approximative. The calculations were based on the per- 
centual distribution of some 40—50 cultures obtained from representative plates. 
This number may be considered inadequate (cf. Lochhead, 1952). The author tried, 
rather to obtain indicative data from a greater number of samples than to 
obtain more exact results from a few samples only. This could be realized only by 
limiting the number of cultures to be investigated. 


Quantitative effect of the plant roots 


The main results are presented in Table 2. As to the total counts, it can 
be seen that these were 11—31 times greater in the rhizosphere than in the 
corresponding control samples. It seems that Phleum and Poa exerted a 
somewhat greater effect than Anthoxanthum and Deschampsia under the 
same conditions. The effect of Phleum and Poa was, however, distinctly 
decreased when the conditions in the soil turned poorer (as indicated by 
lower pH values; Table 1), but Anthoxanthum and Deschampsia gave about 
the same r/s-ratios in all the soils investigated. 

The influence of the plants on the actinomycete count was distinctly 
less significant than that on the total counts. The r/s-ratios ranged from 0 
to 16. Here again, Phleum and Poa seemed to have exerted a greater in- 
fluence, and the effect of Anthoxanthum and Deschampsia was quite in- 
significant. 

As regards the counts of spore-forming bacteria, it was found that Phleum 
under the conditions of site I exerted a very pronounced promoting effect 
on these bacteria. Phleum and Poa had a considerable influence in site II 
also. In the samples representing Phleum and Poa in poorer conditions 
(sites III and IV) the effect of these plants was distinctly weaker. The effect 
of Anthoxanthum and Deschampsia remained rather weak in all the soils 
investigated. 

In the r/s-values for non-sporogenous bacteria there seemed to be a smaller 
variation than in these ratios for the other groups of bacteria investigated. 
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Table 2. The total counts, and the r/s-ratios for total counts, of actinomycetes, spore-formers, 
and non-sporogenous bacteria of the samples investigated. 


TE SE ee 


Sample Total count Actinomycetes | Spore-formers REN es 

N/ em3X106| r/s ris js ti 

or) Saree eee 14 | 

Ce | Sheen ee 18 

CT secs ves 16 

Ce Viewer ates 8 

CAVE. 3 

Eher 430 31 16 43 37 

PDT 350 20 8 21 29 

124 010 4 Pt 280 18 8 14 29 

| PAs hee a8 140 18 0 16 35 

BAIE Pen 440 24 10 24 38 

PRIT. es 200 13 4 8 26 

1,41 Ws ER 200 11 2 5 24 

AI VE... 80 11 0 3 32 

BILD RE 200 11 3 10 21 

DRIN ee! 100 13 0 2 40 

Day ei: | 50 | 19 0 2 | 55 


The r/s-ratios ranged from 21 to 40 (with the exception of the Deschampsia- 
sample from site V; r/s=55). For all plants, and independently of the source 
of the samples, the r/s-ratios were of the same order of magnitude. Thus it 
can be concluded that all the plants investigated exerted a similar effect on 
the non-sporogenous bacteria, and that soil conditions do not influence this 
effect. 

The second samplings provided data for a comparison of the »rhizosphere 
effect» of blooming and mature plants. The later series of sampling, however, 
concerned only 3 »rhizosphere samples», all from site IV: Phleum, An- 
thoxanthum, and Deschampsia. The results are presented in Tables 3 and 4. 


Table 3. The total counts and the corresponding r/s-ratios at different stages of plant 
development. (For designation of samples cf. Table 1). 


Sample Total count (millions/cm?) | r/s-ratio 

CPT ee 7.5 

Cal Vase ete es nasser 6.6 

N) N ee ts 135 18 
HL Var sense 129 20 
Jai Vise erste TS 80 11 
AMPLY AE senanessssnchan 102 15 
DRIVERS eue seen ces 95 13 
DAV ara teren 106. 16 
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Table 4. The calculated counts of spore-formers and non-sporogenous bacteria, and the 
corresponding r/s-ratios at different stages of plant development. (For designation of 
samples cf. Table 1). 


Spore-formers Non-sporogenous bacteria 
Sample : 
| Count X 106/cm? r/s-ratio Count X 106/cm? r/s-ratio 
CH VIER een mann 3.6 | 2.2 
ColV ar £ 3.7 2.7 
PRIV ee 58 16 77 35 
Ph Vase re 19 5 110 41 
AIN ER ere 11 3 69 32 
AIN AE res en | 10 3 92 34 
DIVERS Tree 8 2 87 40 
Diva a | 6 2 100 37 


As regards the total counts, neither the actual counts nor the r/s-ratios differ 
considerably from the figures obtained during the earlier stage of plant 
development. The most striking difference from the first sampling series 
was found in the spore-formers of the Phleum-sample. As shown in Table 4, 
the number of bacilli has dropped to about one third of the figure in the 
earlier sample, and the decrease in the r/s-ratio is to the same order of 
magnitude as found with Anthoxanthum and Deschampsia in all samples 
(cf. Table 2 also). The effect upon the non-sporogenous bacteria, however, 
has maintained the same level as in the earlier stage of development. This 
holds true for all the three plant species investigated. As regards the non- 
sporogenous bacteria, it appears as if the maturing of the plants would not 
result in a rapid decrease of the »rhizosphere effect». This finding agrees 
with the data presented by Starkey (1929) for biennial culture plants. 


General characteristics of the isolated cultures 


The determinative study of the spore-forming cultures revealed the fact 
that about 90 per cent of all the isolates were quite distinctly related to 
Bacillus cereus or Bacillus cereus var. mycoides. The other cultures were 
characterized by the formation of spherical and terminally located spores, 
thus obviously representing the Bacillus sphaericus group. However, cul- 
tures of the latter type were isolated from control soils only. Hence it can 
be concluded that the »rhizosphere effect» upon the spore-formers, observed 
for Phleum and Poa in some soils, was confined to Bacillus cereus. 

Preliminary experiments on the nutritional requirements of the spore- 
formers revealed that the strains of B. cereus type are dependent on supplies 
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Table 5. The nutritional requirements of some spore-forming strains. (The basal medium 
contained 0.8 g KNOs, 0.8 g KH2PO4, 0.1 g MgSO, : 7H20, 0.2 g NaCl, 0.02 8 FeCls, and 
2 g glucose in 1000 ml of distilled water; pH was adjusted to 6.8. As source of amino 
acids casein hydrolysate — »Vitaminfree Casamino acids», Difco — was added, and as 
source of vitamins a solution containing thiamin, biotin, p-aminobenzoic acid, folic acid, 
pyridoxin, and vitamin Bis. Pantothenic acid was tested separately. The growth figures 
were obtained turbidimetrically; a growth figure = 100 corresponds 10 the density- 


reading 0.5.) 
mo en es ee a ae eee 
Medium 

1 | 2. | 3. 4. 3. 
Additions: 
Amino acids ......... = + = ae ab 
Vitamin soln. ......... — _ + = ae 
Pantoth acid) 2... — _- + + — 
Strain: 
B. cereus 215 ...... 5 70 6 74 
B. cereus 710 ...... 4 74 7 80 
B. cereus 1.310 ...... 1 21 | 7 76 
B. pantothenicus 206 3 7 6 42 10 


of amino acids for their growth. This finding agrees with the data given by 
Knight and Proom (1950). In addition to certain amino acids, pantothenic 
acid seemed to be an essential nutrient for the strains producing spherical 
spores, and it can be supposed, therefore, that these strains were related to 
Bacillus pantothenicus. (cf. eg. Smith, Gordon, and Clark, 1952). The growth 
figures obtained for some spore-forming strains in different media are pre- 
sented in Table 5. 

177 strains of non-sporogenous bacteria were subjected to closer study. 
The data obtained did not permit an accurate classification of the cultures 
investigated. It seemed, however, that Gram-negative types were more 

-abundantly represented in the collection than were Gram-positive types. The 
major part of the Gram-negative strains may be organisms belonging to 
the genus Pseudomonas, and in addition to them obviously also organisms 
related to achromobacteria and flavobacteria were included in the collection. 
Most of the Gram-positive types again, showed properties which correspond 
to the typical characteristics of soil corynebacteria. 

The number of strains of each type representing control samples and 
»rhizosphere samples», respectively, was too limited to provide a basis for 
recognizing a qualitative »rhizosphere effect» even where such an effect has 


occurred. 
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Discussion 


The results of earlier authors (e.g. Starkey, 1929, Thom and Humfeld, 
1932) show that the »rhizosphere effect» on the actinomycetes in general 
is less pronounced than on the eubacteria. This evidently holds good for 
the effect of the hay plants investigated, even in virgin soils. As to the spore- 
formers, it is reported that they do not multiply extensively in the rhizo- 
sphere (Krassilnikov, Kriss, and Litvinov, 1936, Starkey, 1938, Clark, 1939, 
Lochhead, 1940). The present investigation showed that this group is pro- 
moted under certain conditions, and by certain plants, but that the degree 
of the »rhizosphere effect» upon these bacteria in general is distinctly 
weaker than on the non-sporogenous bacteria. 

The similar features of the »rhizosphere effect» on actinomycetes and on 
spore-formers is interesting. It seems that certain inhibiting environmental 
factors, e.g. the high acidity of some of the soils investigated, must be taken 
into consideration in discussing the »rhizosphere effect» on these groups. 
In acid environments the actinomycetes are inhibited, and sporulation of the 
bacilli is induced. Probably the »rhizosphere effect» thus partly arises from 
differences in prevailing environmental conditions, and not only from the 
excretion of essential nutrients by the roots. When environmental condi- 
tions change to unfavourable in the rhizosphere also, the actinomycetes are 
totally suppressed. The bacilli are maintained as spores, but are thus unable 
to take advantage of other beneficial factors. 

Apart from the phenomena outlined above, the differences in the action 
of Phleum and Poa, on the one side, and Anthoxanthum and Deschampsia, 
on the other, must be noted. The present material, however, does not provide 
an explanation of the factors involved. 

It is clearly shown that the most pronounced effect was upon the group 
of non-sporogenous bacteria. This result is in good agreement with data 
given by earlier investigators. The r/s-ratios, which represent virgin soils, 
may look low when compared with some corresponding figures for cultivated 
plants in tilled soils. The overall vegetation of the soils investigated must be 
considered in assessing this fact. This probably complicates the problem, 
since controls representing definite »non-rhizosphere» soil may be almost 
impossible to obtain. 

It can be concluded that all the plants investigated exerted a fairly con- 
stant effect upon the non-sporogenous bacteria. The effect can be con- 
sidered »constant» since its degree was independent of the plant species, the 
stage of plant growth, and the soil where the plants grew. Two plants, 
Phleum and Poa, showed a variable effect on actinomycetes and bacilli. The 
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»variability» of this effect is obvious from the fact that different plant 


species, the stage of plant development, and the conditions in the soil caused 
distinct variances in its degree. 


Numerous earlier investigators have called attention to the difficulties 
occurring in connection with the classification of »autochthonous» non- 
sporogenous soil bacteria. As shown by Lochhead and his co-workers (West 
and Lochhead, 1940, Lochhead and Chase, 1943), the nutritional charac- 
teristics of these bacteria may provide a more accurate basis for the classi- 
fication than the morphological and physiological properties ordinarily 
examined. A separate investigation of the nutritional features of the strains 
isolated during the course of the present study is in progress. 


Summary 


The »rhizosphere effect» of four graminaceous plants (Phleum pratense, 
Poa pratensis, Anthoxanthum odoratum, and Deschampsia flexuosa) has 
been investigated under the conditions prevailing in virgin soils. It was found 
that the number of bacteria was 11—31 times higher in the rhizosphere of 
these plants than in the corresponding »non-rhizosphere» control soils. The 
effect on non-sporogenous bacteria seemed to be constant since it was in- 
dependent of the plant species, the stage of plant development, and the soil 
conditions. The promoting effect on spore-forming bacteria and actino- 
mycetes again, varied with different plants, and showed dependence on the 
stage of plant development and the conditions prevailing in the soils. 


The major part of sporogenous strains isolated were related to Bacillus 
cereus. This type was predominating in the »rhizosphere samples», but in the 
control samples also types related to Bacillus pantothenicus were found. 
"Among the non-sporogenous isolates Gram-negative types were somewhat 
more abundant than Gram-positive types. The Gram-negative strains 
obviously belonged to the genera Pseudomonas, Achromobacter, and Flavo- 
bacterium, and the Gram-positive to the genus Corynebacterium, respectively. 
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Introduction 


The element sodium has never been shown to be indispensable for the 
growth of green plants in accordance with a definite set of criteria of essen- 
tiality (4). Although the quantity of potassium required by some plants has 
been reported to be reduced in the presence of sodium, this element cannot 
replace potassium completely. The omission of sodium from the nutrient 
medium in the presence of adequate potassium has not been conclusively 
shown to have any detrimental effect on plant growth (6). 

However, there have been various indications that sodium might play a 
more important role in the nutrition of one group of lower plants, the blue- 
“green algae (Myxophyceae). This evidence has been of two types, the first 
suggesting that sodium and potassium are readily interchangeable in the 
nutrition of these algae, and the second pointing toward a specific sodium 
requirement regardless of potassium status. In 1898 Benecke (7) described 
an Oscillatoria, a member of the Myxophyceae, which grew in a medium in 
which all the potassium salts had been replaced by sodium compounds. 
Emerson and Lewis (8) studied a Chroococcus species which grew, in the 
presence of sodium, with only 1 part per million potassium added to the 
culture medium. Allen (1) found that 23 cultures of various Myxophyceae 
behaved in the manner described by Benecke, growing in sodium salt media 
without added potassium. The Emerson and Lewis Chroococcus grew little, 
if at all, when sodium was omitted from the medium (8). Several of Allen’s 
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cultures behaved in a similar fashion (1). Gerloff, Fitzgerald, and Skoog (9) 
reported a beneficial effect of sodium carbonate or sodium silicate on the 
growth of Microcystis aeruginosa, but it was not clear in these experiments 
whether the effect of these salts was due to their sodium content or to the 
increase in pH produced by them. Kratz and Myers (11) have recently 
reported a marked effect of sodium on the rate of growth of Anacystis 
nidulans. 

Most of the observations cited above were qualitative or semi-quantitative, 
and based on experiments carried out with unpurified salts, undoubtedly 
contaminated with other alkali metals. Nevertheless, these results were suf- 
ficiently suggestive to make desirable a critical examination of sodium as a 
nutrient for blue-green algae. 


Methods 


The alga used in these experiments was a pure culture of Fogg’s strain 
of Anabaena cylindrica Lemm. The medium for its culture and the experi- 
mental arrangements have been described in detail elsewhere (2, 5). The 
constituents of the nutrient solution were MgSO,, 0.001 M: KCl, 0.004 M, 
K,HPO,, 0.002 M; and NaCl as specified. The high potassium concentration 
was used to ensure that the effects observed did not result from a sparing 
effect of sodium on potassium. Molecular nitrogen served as nitrogen source 
in most of the experiments; when it was desired to grow the cultures with 
combined nitrogen potassium nitrate (0.020 M) was added to the medium. 
A micronutrient supplement based on the A4 and B6 solutions (2, 3, 5) was 
added in all experiments. 

To guard against the possibility that the effects ascribed to sodium might 
be due to contamination of the sodium chloride with an unknown micro- 
nutrient element, several elements not so far shown to be required by algae 
or other plants were also added to the nutrient solution (cf. 2). 

In order to observe clear-cut effects of sodium on the algal cultures it was 
necessary to take precautions to exclude sodium contamination from the 
glassware and reagents used. Glass-distilled water was used for all media. 
All glassware was washed with 3 N HCl, followed by thorough rinsing with 
glass-distilled water, to remove traces of sodium left by the detergent used 
for dishwashing. C.P. grade MgSO,, KCl, NaCl, K,HPO, and Na,HPO, were 
purified by three successive recrystallizations from hot water. CaSO, was 
prepared by addition of H,SO, to a solution of calcium chloride, followed 
by thorough washing of the CaSO, precipitate. 

Growth was measured by removing aliquots of the cultures, evaporating 
to dryness at 80—90° C, and applying a correction for the weight of the 
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salts in the medium (2). For measurement of chlorophyll the cells were 
extracted with hot methanol and the optical density of the methanolic extract 
determined at 665 mu with a Beckman spectrophotometer. From this figure 
and the known extinction coefficient of chlorophyll at this wave length (10) 
the amount of chlorophyll was calculated. Phycocyanin was estimated in 
an aqueous extract obtained by repeated freezing and thawing of the cells. 
The optical density of this solution at 620 mu was measured and the phyco- 
cyanin content calculated from the extinction coefficient of phycocyanin (13). 


Results and Discussion 


In order to be considered as essential an element must meet the following 
criteria: normal plant growth must be impossible in its absence; the defi- 
ciency symptoms caused by absence of the element must be removed on its 
addition to the medium; the requirement must be specific, it must not be 
possible to substitute any other nutrient for the element in question; and 
lastly its function or at least its direct effect on the metabolism of the plant 
must be identified (4). 

By taking precautions to exciude sodium contamination it has been possible 
to show that sodium meets these criteria for Anabaena cylindrica. 

Normal development of the alga did not occur in the absence of sodium; 
the appearance of cultures with and without added sodium is shown in 
Figure 1. The scanty growth obtained in the absence of sodium was restored 
to the normal level by addition of this element, as indicated in Figure 2. The 
first transfer’ illustrates the results obtained with and without added sodium 


Figure 1. Effect of sodium on the growth 
of Anabaena cylindrica. Pale cultures — 
no sodium added; dark cultures received 
92 mg. Na per liter. Na was the source of 
nitrogen. 
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Figure 2. Recovery of sodium-deficient cultures of Anabaena cylindrica in three successive 
transfers to a nutrient solution containing 92 mg. Na per liter. No was the source of nitrogen. 


when inoculum from a plus-sodium parent culture was used. In the succeed- 
ing experiment, inoculum from the sodium-deficient culture was used in 
media with and without added sodium, giving the results shown as ’second 
transfer’ (Figure 2). The alga recovered and grew well when sodium was 
added, but grew very little in the absence of sodium. The difference between 
cultures with and without sodium became even greater when the procedure 
was repeated, as shown for the ‘third transfer’ (Figure 2). 

The dependence of Anabaena growth on the quantity of sodium added is 
illustrated in Fig. 3. Five parts per million was found to be adequate for 
optimal development of the alga. There is no indication that larger amounts 
of sodium are harmful. 

The requirement for sodium was found to be specific. In the sodium con- 
centration series (Figure 3), potassium nitrate was used as a source of nitro- 
gen, supplying 20 milliequivalents of potassium to the minus-sodium culture. 
It is evident, therefore, that sodium was not replaceable by potassium. 
Lithium, rubidium or cesium were similarly ineffective as a substitute for 
sodium (Figure 4). Further experiments, illustrated in Figure 5, have shown 
that just as sodium was required by Anabaena in the presence of adequate 
potassium, so was potassium indispensable in the presence of adequate 


STUDIES ON NITROGEN-FIXING BLUE-GREEN ALGAE 657 


pay 


NO, 


16000 wur 


Figure 3. Effect of sodium concentration 

on the growth of Anabaena cylindrica in 

the presence of potassium (860 mgs. K as 4 
KNOs per liter of nutrient solution). Simi- MM 
lar results were obtained with No as nitro- 

gen source. 


DAYS 


sodium. The slightly depressed growth in the cultures containing 1 part per 
million of lithium, rubidium, or cesium might be due to toxicity of these 
metals but is more likely the result of experimental error, since raising their 


Figure 4. Failure of lithium, rubidium 
and cesium to substitute for sodium in 
the growth of Anabaena cylindrica. 
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Figure 5. Effect of potassium concen- 
tration on the growth of Anabaena cy- 
lindrica in the presence of sodium (92 
mg Na per liter). 


concentration to 10 parts per million did not result in a further decrease of 
growth. 

Only limited information is so far available on the function of sodium in 
the metabolism of Anabaena. One noticeable effect of sodium deficiency 
was that the cultures were yellowish-green, in contrast to the deep blue- 
green color characteristic of Anabaena cylindrica in a healthy condition. 
As shown in Table.1, this change in color was due to the lower phycocyanin 
content of the sodium deficient cultures; chlorophyll was not significantly 
affected. Atlhough the absolute amount of phycocyanin in the cells varied 
greatly with the age of the culture and the light intensity used for growth, 
for each set of conditions the phycocyanin content of cells grown without 
added sodium was markedly lower. 

One other effect of sodium on blue-green algae, which may or may not 
be related to its role in the development of these organisms, deserves men- 
tion. In order to maintain a steady high rate of photosynthesis in resting 
cells it is necessary to suspend the cells in a buffer containing sodium salts. 
This effect of sodium, first observed on Synechococcus cedrorum (1), has 
been noted for Anabaena as well. Sodium is needed in the suspension medium 
even when the cells have been grown in a culture medium with adequate 
sodium. This behavior of blue-green algae is in contrast to that of Chlorella. 
With this alga photosynthesis declines in cells suspended in buffers com- 
posed of sodium salts but remains constant for several hours when potassium 
salts are used in the suspension medium (12). 


APE 
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Table 1. Effect of sodium deficiency on pigmentation of Anabaena cylindrica. The con- 
centration of sodium in the +Na cultures was 92 mg, per liter (p.p.m.). Pigment content 
expressed as per cent of dry weight of algal cells. 

SS ee a a ee a nu 


Ete Mosaics eas et Per cent phycocyanin Per cent chlorophyll 
y — Na | + Na — Na | + Na 
60 NOs 7,500 lux} 10 d. 0.02 0.45 0.12 0.17 
61 No 7,500 « 8 d. 0.63 1.60 0.15 0.25 
68 NOs 16,000 « gaq, 0.06 0.12 0.20 0.23 


Although essentiality of sodium has been proven only for one member of 
the Myxophyceae, Anabaena cylindrica, the various qualitative observations 
of beneficial effects of sodium on other blue-green algae make it likely 
that a sodium requirement is a general characteristic of these organisms. 


Summary 


Sodium has been shown to be essential for growth of the blue-green alga 
Anabaena cylindrica. A sodium concentration of 5 ppm or higher is required 
for optimal growth of this alga. The sodium requirement is specific; potas- 
sium, lithium, rubidium, and caesium can not substitute for sodium. 
Similarly, sodium cannot replace potassium for growth of Anabaena. 

Sodium-deficient cultures were shown to contain less phycocyanin than 
those with adequate sodium. Their chlorophyll content was not affected. 
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During some determinative studies on thermophilic bacteria of the genus 
Bacillus Cohn, it was observed that the sporulation of one strain, called 
234A, was greatly increased by the addition of 0.1 per cent of NaNO, to the 
medium (nutrient agar), on which the organisms were grown. This fact was 
interesting because very few spores had been observed in the stained smears 
prepared from cultures grown on nutrient agar without nitrate added. The 
strain 234A was isolated by the author from spoiled canned peas (received 
from AB Findus, Bjuv), and was identified as being closely related to Bacillus 
stearothermophilus Donk. As mentioned above, it was observed that sporula- 
tion was greatly increased by the addition of NaNO, to the nutrient agar 
used in the determinative studies. Because of these observations a series of 
experiments were made in order to study more closely the effect of nitrate 
on the sporulation of 234A. 

There is a copious literature on endospore formation in bacteria and 
numerous investigations have been carried out. A great deal of these have 
been concerned with the influence of various substances on the sporulation 
of bacteria. Many workers have tried to find relations between various con- 
centrations of nutrients in the medium and the percentage of spores formed. 
There are also studies on the effect of different concentrations of various 
salts in the medium on the sporulation. 

In all papers read by the author while searching for investigations of the 
same type as his own, only cations such as Na* and Li” have been studied 
and nothing has been written about the influence of anions on the sporula- 
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tion of bacteria. Moreover, all these investigations have been carried out 
with mesophilic organisms and the thermophilic bacteria seem to have been 
completely neglected. 

In his review Gaughran (1947) says that thermophilic bacteria often 
sporulate very little and sometimes the sporulation may be so bad that the 
cultures die out if stored at elevated temperatures. This is in harmony with 
the authör’s own observations on 234A. Knaysi (1948) has a review on most 
of the work done on endospore formation in bacteria, but nowhere in this 
review anything is mentioned about thermophilie bäcteria and their sporula- 
tion. About the influence of anions nothing is mentioned. 

Fabian and Bryan (1933) investigated the influence of the cations, K~, 
Na*, Lit and NH,* on the sporulation of four aerobic mesophilic bacteria 
and they concluded that these ions had a stimulating effect on the sporula- 
tion. The only worker who has made experiments of the same type as the 
present author’s, is Schmidt (1950). He writes that there are almost no in- 
vestigations at all of the sporulation problems of the thermophilic bacteria. 
Schmidt has worked with »flat sour» organisms of the same type as 234A. 
He has not studied the influence of anions but the effect of different con- 
centrations of peptone, NaCl and CaCl, in a solid agar medium. He observed 
that different concentrations of peptone in the medium produced different 
percentages of spores in the cultures. He also found that NaCl had no posi- 
tive effect on the sporulation, in some cases the sporulation rather seemed 
to be depressed by this salt. Schmidt states that one is restricted to say that 
the results obtained are representative only for the organism used in the 
studies and that these results cannot be generalized because too little is 
known about the factors influencing spore formation in general. No later 
articles than Schmidt’s on this subject have been found. 


Material and methods 


A pure culture, called 234A, was used in the eperiments. The methods used 
for the identification of the bacteria were taken from Manual of Methods 
for Pure Culture Study of Bacteria (1949), leaflets II, IV and V, and Smith, 
Gordon, and Clark (1952). The general properties of strain 234A are given 
below. In the identification of the species these properties were compared 
with those listed in Bergey’s Manual (Breed et al. 1948, 6th ed.) and in 
Smith, Gordon and Clark (1952). 


Summarized description of the strain 234A 


Spores: Ellipsoidal, 0.8—0.9 by 1.5—1.8 microns, terminal to subterminal. 
Sporangia: Occurring singly, not in chains, swollen, drumstick-shaped. 
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Rods: 2—5 by 0.6—0.8 microns, sometimes occurring in chains, sometimes 
not. Nonmotile, Gram-positive. 

Agar colonies: Small, circular, convex, butyrous, edge entire, often pinpoint- ; 
type. . 

Growth in broth: slightly turbid, growth not very abundant. 

Nitrite produced from nitrate. 

Gelatin not hydrolyzed. 

Starch is hydrolyzed. a4 

Acid produced without gas from glucose. 

Litmus milk unchanged. 

Indole not produced. | 

Casein not hydrolyzed. 


Slight growth at 40° C, no growth at 37° C. The temperature optimum is 
about 55° C. Maximum temperature about 65— 70° C. 


234A resembles in most respects Bacillus stearothermophilus Donk although 
some differences exist as regards the. motility and gelatin hydrolysis. This 
species is the type species of the »flat sour» organisms, which are often 
found in spoiled canned peas. 


The culture tubes were always inoculated from a 24 hours old culture, grown at 
55° C. The bacteria were grown on agar slants and two series of tubes of the same 
kind were prepared: one was incubated at 45° C and the other at 55° C. Each series 
comprised five different concentrations of the salt in question, added to the nutrient 
agar. Some tests were made at 65° C but the growth was so poor that the results 
cannot be considered here. For the nutrient agar the following ingredients were 
used: Bacto Beef Extract 3 g; Bacto Peptone 5 g; Bacto Yeast Extract 5 g; Bacto 
Agar 15 g; Distilled water 1000 ml. Sterilization was carried out at 120° C for 
20 minutes. Pyrex glassware was used throughout. The following salts were used 
in the experiments: KNO,, KNO,, NaNO,, NaNO,, KCI, NaCl, and a mixture of 
2 parts of NaNO,+3 parts of NH,Cl. One series with NH,OH,HCI was made but 
this salt had only a toxic effect and the result will not be included here. 

Stainings and microscopic studies were made after 24 and 48 hours of incubation. 
The spore stainings were made with carbol fuchsin and methylene blue. 

From every tube two smears were prepared and stained and as there were two 
tubes for each concentration and temperature, four smears were prepared from 
each salt concentration and for each temperature. After the staining of the prepared 
smears, about 800 (vegetative cells+spores) were counted for each salt concentra- 
tion and for each temperature. Counts were made after 24 and 48 hours of incuba- 
tion. This method for counting is rather approximate but it has been considered 
accurate enough for the purpose of these investigations. The Tables show that it 
has been quite enough to demonstrate the existing differences. 

The number of spores have been expressed as per cent of the total number of 
(vegetative cells+spores) for each count. The values thus obtained have been 
rounded off to whole numbers with the exception of some very low values where 
the values have been set to 0.5 per cent. The adjustments of the percentage num- 
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bers are accounted for partly by the methods used for counting the spores and 
cells, partly by the introductory character of the experiments. 

The results of the counts are given in the Tables 1—5. In these Tables the dif- 
ferent salt concentrations are given in per cent and the observations after 24 and 
48 hours at 45° C and 55° C are given as per cent of spores of the total number of 


(cells +spores). 


Results and Discussions 


The Tables clearly show that nitrate and nitrite certainly do exert a 
stimulating effect on the sporulation of 234A, but some irregularities can be 
noted regarding the action of different salts (mainly differences between KNO, 
and KNO,, NaNO,, NaNO,). Also different concentrations have different 
effects. 

As has been mentioned before, NH,OH,HCI has been tested but as the 
only result was a poisoning of the culture, the result will not be considered 
here. The reason why nitrite and NH,OH,HCI were tested was that it is 
generally accepted that at the nitrate reduction in higher plants first nitrite 
is formed and then possibly NH,OH is a later intermediate product. The 
author therefore wanted to investigate if these substances would have any 
positive effect on the sporulation as it was clearly demonstrated that nitrate 
had a stimulating influence. Strain 234 produces nitrite from nitrate. Any- 
how, very little is known about the nitrate assimilation in bacteria and 
nothing can be said about the intermediate products after the nitrite stage. 

From the tables 1 and 2 it is clear that differences exist between effective 
concentrations of KNO, and NaNO, respectively and that higher concentra- 
tions of KNO, are most favourable at 45° C and that the best sporulation 
is brought about by lower concentrations of NaNO, at 55° C. The tables 
show that nitrate in the form of KNO, or NaNO, definitely has a positive 
effect on the spore formation of 234A. It can be noticed that at higher con- 


Table 1. The effect of KNO;3. 


SE a run. 
Per cent of spores 
% KNO, >, = | 45° 55° 
24 hrs 48 hrs 24 hrs 48 hrs 
0.00 0 0 0 0 
0.01 1 8 0.5 1 
0.05 6 18 7 5 
0.1 25 28 15 9 
0.2 21 22 9 6 
| 0.5 12 20 6 4 
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Table 2. The effect of NaNOs. 
SSE Ee ee eee eee 


Per cent of spores 
% NaNO, 45° | 55° 
24 hrs | 48 hrs 24 hrs | 48 hrs 
0.00 0 | 0 0 0 
0.01 0 0,5 16 12 
0.05 1 3 18 20 
0.1 0 | 0,5 19 15 
0.2 3 1 6 4 
0.5 0 | 0 2 0 


centrations of NaNO; the growth was not very good and the cells did not 
stain so well. 

The tables 3 and 4 show the effect of nitrite on the sporulation. The posi- 
tive effect seems to be greatest at the lowest concentrations and at 55° C and 
NaNO, seems to have a stronger effect than KNO,. At higher concentrations 
of nitrite the growth was very poor. 

Because of the fact that the best sporulation is obtained at the lowest 
concentrations of nitrite and at much higher concentrations of nitrate it is 
possible that sporulation is stimulated just when nitrate is reduced to nitrite 
and that nitrite (or products later formed from nitrite) may be the factor 
stimulating the sporulation. According to this theory the results obtained 
with NaNO, seem to be in harmony with those obtained with NaNO . The 
relations between the results with KNO, and KNO, are not so clear, the 
places for the highest values are not the same in the two tables. This fact 
may be due to some unknown experimental errors but it might as well be 
due to some special effect of KNO,. The relations between sporulation and 
the presence of these salts certainly are much more complex than can be 
shown by these simple experiments. 

Some control tests were made with KCl and NaCl, the concentrations used 


Table 3. The effect of KNOs». 


Per cent of spores 
% KNO, 45° 55° | 
24 hrs 48 hrs 24 hrs 48 hrs 
0.00 0 0 0 0 
0.01 0 0 18 15 
0.05 1 0.5 10 6 
0.1 0 0 4 5 
0.2 0 0 0 0 
0.5 0 0 0 0 
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Table 4. The effect of NaNO». 


à nn 


Per cent of spores 
% NaNO, 45° 55° 
24 hrs 48 hrs 24 hrs 48 hrs 
0.00 0 0 0 0 
0.01 1 18 23 19 
0.05 a! 12 20 12 
0.1 0 1 10 9 
0.2 0 0 4 1 
0.5 | 0 0 0 0 


were the same as in the other experiments and these tests were made exactly 
as described above. These tests were made in order to study if K*-ions or 
Nat-ions would have any influence on the sporulation. These tests were 
considered necessary to ascertain that it was the anions (nitrate and nitrite) 
that stimulated the sporulation in the previous experiments. The result was 
that no influence could be detected; the sporulation was very slight or in 
most cases absent. ‘This is in harmony with the results of Schmidt; he too 
found no effect of NaCl.. The results discussed above show, that there is 
every probability that the sporulation of 234A is positively influenced by the 
addition of nitraté or nitrite to the medium, and that the effect of nitrate is 
very possibly due’ to its reduction to nitrite. The action of nitrite may be due 
to some substance later formed from it, but the investigations are not carried 
further than to the »nitrite stage». 

Table 5 shows the results obtained when different concentrations of 
(NaNO,+NH,Cl) were added to the medium. The mixture consisted of 2 
parts of NaNO, and 3 parts of NH,Cl. The reason for these tests was that it 
has been observed in higher plants that the nitrate uptake some times is 
reduced by the addition of ammonium ions to the medium. However, this 
phenomenon is, as far as the author knows, very little or perhaps not at all 


Table 5. The effect of NaNO3+NA;4Cl. 


| Per cent of spores 
% NaNo, % NH,CL D 45° 55° 
| 24hıs | 48 hrs 24 hrs 48 hrs 
0.000 0.000 | 0 | 0 0 0 
0.010 0.015 | 2 | 6 10 5 
0.050 0.075 | 0 1 ID: 14 
0.100 0.150 0.5 | 1 9 ill 
| 0.200 0.300 0 0 8 2 
| 0.500 0.750 | 0 0 0 0.5 
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known in bacteria. The author’s intentions have been to investigate if the 
addition of ammonium ions (in the form of NH,Cl) would repress or reduce 
the stimulating effect of nitrate ions. This would perhaps be the case if the 
nitrate uptake was reduced or inhibited by NH,Cl as has been demonstrated 
with some higher plants. A look at the tables 2 and 5 will show that there is 
almost no difference between the effect of nitrate in the presence or absence 
of NH,Cl. The somewhat lower values found in table 5 may be ascribed to 
variations in the cultures, depending partly on the organisms themselves, 
partly on minor variations that may have occurred in the experimental con- 
ditions. The author agrees with Schmidt, who says, that in a population of 
bacteria there seems to be a smaller or greater percentage of individuals 
which are more liable to produce spores as a response on changes in the 
environment, e.g. when salts of different kinds are added to the medium in 
which the bacteria are grown. In the tables 2 and 5 the highest values are 
found in the same places, viz. at 55° C and 0.01—0.1 per cent of salt. The 
result of this last experiment is, that the ammonium chloride has had no 
influence on the stimulating effect of nitrate on the sporulation of 234A. 


Summary 


One strain of thermophilic bacteria has been isolated from spoiled canned 
peas and identified as being closely reated to Bacillus stearothermophilus 
Donk. 

This strain, called 234A, has been used for some investigations of the 
influence of nitrate on the sporulation of this kind of bacteria. At the same 
time the effect of nitrite has been studied and finally some tests have been 
carried out in order to ascertain if ammonium ions (in the form of NH,Cl) 
in some way would change the effect of nitrate. 

The results clearly show that nitrate, possibly after reduction to nitrite, 
has a stimulating effect on the sporulation of 234A, although the nature of 
this effect is still quite unknown. 

Control tests made with KCl and NaCl have shown that no stimulation 
is obtained with these salts, viz. with potassium or sodium ions. No depres- 
sion of the positive effect of nitrate could be observed in the presence of 
NH, Cl, viz. ammonium ions. 

The experiments and results must be looked upon as being only preli- 
minary and qualitative although some quantitative relations seem to exist 
between the concentration of nitrate (or nitrite) in the medium and the per- 
centage of spores formed. The greatest percentage of spores seems to be 
obtained at about 0.1 per cent of nitrate and at 0.01—0.05 per cent of nitrite. 
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Further investigations are needed on the factors influencing the sporulation 
of bacteria, both thermophilic and mesophilic. 


I am indebted to Professor Hans Burström who placed laboratory accomodation 
and equipment at my disposal. I also want to thank Dr Gésta Fahraeus for valuable 
discussions, advice and criticism. 
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Introduction 


Gibberellic acid is a metabolic product of the fungus Gibberella fujikuroi; 
it possesses marked plant growth promoting properties (Curtis and Cross, 
1954; Brian et al., 1954; Cross, 1954; Mulholland and Ward, 1954; Borrow 
et al., 1955). It is distinct from but chemically related to gibberellin A, a sub- 
stance with similar physiological properties isolated from cultures of the 
same fungus by Yabuta and Hayashi (1939). The gibberellin X of Stodola 
et al. (1955) and gibberellic acid are identical. References to numerous 
Japanese papers on gibberellin A are given in the papers on gibberellic acid 
quoted above. Gibberellic acid differs physiologically from most auxins 
hitherto described. Whereas it is usually much less active than they are in 
assays based on a response of isolated plant parts, it stimulates the growth 
of intact plants much more vigorously than they do, substantially increasing 
height, fresh weight and dry weight (Brian et al., 1954). In this communica- 
tion we give a more quantitative analysis of the relation between the dose 
applied and the growth response of pea seedlings as measured by increase 
in shoot height. A differential response in a range of varieties of pea is also 


described. 


[669] 


670 P. W. BRIAN AND H. G. HEMMING 


Materials and Methods 
Experimental plants 


Pea seedlings were grown in John Innes Compost (No. 2) in 400 ml. glass beakers, 
four seedlings in each beaker. Watering was carefully regulated and no trouble with 
waterlogging was experienced. The plants were grown in cool glasshouse with 
supplementary lighting from fluorescent strip lamps in winter. All experiments 
were replicated and arranged in randomised blocks on the glasshouse bench. The 
varieties of pea used are listed in Table 2. 


Application of gibberellic acid 


In the first experiment described, gibberellic acid was applied in ethyl alcohol 
solution. Each plant received 0.002 ml. of solution, delivered from a micropipette 
(’Agla’ brand micrometer syringe); this was applied to one of the leaflets of the first 
true leaf. Preliminary experiments had shown that no damage was caused by such 
quantities of alcohol and that growth rate was unaffected by alcohol alone; it had 
been found too that gibberellic acid was translocated from the first leaf, as judged 
by an increased rate of extension of upper internodes first detectable 24 hours after 
application. This method enables accurately measured doses to be applied. 

In the second experiment aqueous solutions of gibberellic acid and indolylacetic 
acid were applied as a spray until just before run-off. 


| 


Growth measurements 


Measurements of shoot height were made to the nearest millimetre at the beginning 
of the experiment and at suitable times thereafter. Either the total height from the 
node bearing the first true leaf, or each separate internode above that node (i.e. 
internode 4 and later ones) were measured. Under the experimental conditions 
chosen no extension growth of internodes below internode 4 took place after treat- 
ment of the plants. For statistical treatment the growth increments of the four 
seedlings in each beaker were added, each beaker being treated as a single observa- 
tion, but the results are presented as mean growth increments for a single plant. 


Results 


Dose-response relations 


In this experiment three varieties of pea were used: — Meteor, Duke of Albany 
and Improved Pilot. Plants were treated by the ethyl alcohol microdrop method 
with gibberellic acid in doses increasing by twofold steps from 0.01 ug. to 10.24 ug. 
per plant. Seven replicate beakers, each containing 4 seedlings were used for each 
treatment. Internode 4 and all internodes above were measured at the time of treat- 
ment and 4, 7, 15 and 22 days afterwards. Further details concerning the plants 
at the time when the experiment was begun are summarized below: — 
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Figure 1. Figure 2. 


Figure 1. Response of Meteor pea seedlings to single doses of gibberellic acid applied to 
first true leaf. — On the abscissa dose of gibberellic acid; on the ordinate mean growth 
increment per plant. S. d.=S.E.xtx V2 (P = 1%). 

Figure 2. Response of Duke of Albany pea seedlings to single doses of gibberellic acid 


applied to first true leaf. — For explanation see Figure 1. 

Variety Age (days) Height! (mm.) Internodes visible 
BEND GUC RE seks vs, sieve oS. sts 28 20 6 
DUR EC AIDE VER ee eee re ae 24 28 6 
Karten ee 24 30 5 


1 above node bearing first true leaf. 


The effect of gibberellic acid treatment on the growth increments of each 
of the three varieties is shown in Figures 1—3, the dose of gibberellic acid 
being plotted on a log scale. The results obtained from analysis of variance 
of the data are summarised in Table 1. It is convenient to consider each 


variety separately in the first place. 
Meteor. The treatment variance was significant at all times of measure- 
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[54 


IMPROVED PILOT 
PEA 


15 DAYS 


Figure 3. Response of Improved Pilot pea 
seedlings to single doses of gibberellic acid 
to first true leaf. — For explanation see 
Figure 1. 


O 002 008 O32 128 1024 Bg 


ment. Four days after treatment the lowest dose 0.01 ug.) of gibberellic acid 
caused a significant increase in growth increment as compared with the 
untreated control, but it is doubtful whether there is any significant dif- 
ference in response to increased doses above this minimum. The situation 
was similar after 7 days. At 15 days a more definite dose-response relation 


Table 1. Gibberellic acid dose-response experiment: ratio (F) of treatment and residual 
error variances. 


Time Meteor | Duke of Albany Improved Pilot 
A days. ANR 23.82 1.5 1.3 
7 days. 33.92 107 1.3 
PAB dAYB os. rne Annan range 90.32 5:22 1.91 
PA EN RE A 141.6? 8.3? 7.12 


1 significant at 5 °%/o level. 
2 » » -1 %o » 
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Figure 4. Meteor pea seedlings 26 days after application of gibberellic acid (GA). — 
Reading from right to left: — no. 1, untreated; no. 2, alcohol control; no. 3, 0.01 ug. GA, 


and thence doses increasing in twofold steps to no. 13, 10.24 ug. GA. 


could be seen, the growth increment steadily increasing with dose up to 
0.32 ug. At 22 days the curve relating response to log dose was linear for doses 
of 0.01—0.32 ug., a maximum response being obtained with a dose of 5.12 ug. 
The appearance of the plants 26 days after treatment can be seen in Figure 4. 


Thus a large dose shows a progressively greater effect than a low dose as 
the time after treatment increases. This is reflected in the response of 
individual internodes (Figure 5). Internode 4, which had almost ceased 
extending at the time of application of gibberellic acid, showed no response 
to treatment. Internode 5 showed a definite response, but the lowest dose 
(0.01 ug.) produced a near maximal response. With each succeeding inter- 
node the greater effect of increased dose becomes more apparent, and inter- 
node 10 only reached measurable size in plants which had received doses of 
0.32— 10.24 u. gibberellic acid. 

Duke of Albany. Treatment variance was only significant in the measure- 
ments at 15 and 22 days. Even after 22 days the curve relating response to 
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Figure 5. Response of individual internodes 


100 VI 
of Meteor pea to single doses of gibberellic 


acid applied to first true leaf. — Internodes 
| i | be numbered with Roman numerals. For fur- 
0 IV 


ther explanations see Figure 1. 
0 001 004 O16 064 2.56 1024 ug 


log dose was much flatter than with the variety Meteor; in other words 
gibberellic acid has much less effect en the growth rate of this variety than 
on Meteor. Whereas after 22 days a Meteor plant which had received a dose 
of 5.12 ug. gibberellic acid showed a growth increment nearly 3 times that 
of an untreated plant, with Duke of Albany the same dose produced a 
growth increment only 20 °/o greater than the untreated control, nor was 
any dose significantly greater in its effect than this. 


Improved Pilot showed an even smaller response than Duke of Albany. 


The 22 day mean growth increment of untreated plants of these three 
varieties was: — Meteor, 149 mm.; Duke of Albany, 337 mm.; Improved 
Pilot, 436 mm. The mean growth increments of plants which had received 
10.24 ug. of gibberellic acid were, respectively, 401 mm., 396 mm. and 470 mm. 
Two aspects of this differential response are of particular interest, viz. (i) the 
greater the growth rate of the variety, the smaller was the response to 
gibberellic acid; (ii) after treatment with gibberellic acid the growth rates 
of all three varieties were of the same order. It was considered desirable to 


assess the significance of these observations by an experiment with a greater 
number of varieties of pea. 


THE EFFECT OF GIBBERELLIC ACID 675 


Table 2. Mean growth increments (mm. per plant) of pea seedlings 7 days after spraying 
with water, aqueous indolylacetic acid (IAAg=2 ug./ml., IAA20—20 ug./ml.) or aqueous 
gibberellic acid (GAyo—=10 ug./ml., GA00—100 ug./ml.). 
ra ee me I EEE EB N A 


Initial ù : 
Variety height! 5 : Due d Varietal 
(mm.) | Water | IAA» | IAAso GA1o GA100 Ne 
DR ne 48.0 19.3 | 16.8 | 23.5 43.0 62.8 33.1 
BetersPanı 2. 55.0 28.3 24.8 | 32.0 57.8 67.5 42.1 
Gladstone sense 60.3 30.0 34.0 36.3 623 73.3 47.2 
Phenomenon ......... 54.0 30.5 25.5 33.0 69.0 80.3 47.7 
Kelvedon Wonder 55.8 31.0 | = 26:5 33.0 69.3 80.3 48.0 
AUTOCHAL u are 45.5 34.9 | 33.5 39.0 67.078] 85.8 52.0 
SOM ALOR ers sens 79.8 54.000 256.3, 550 94.0 104.3 72.7 
Achievement ......... 91.8 | 66.8 | 65.0 | 72.8 89.8 108.5 80.5 
Duke of Albany ... 66.5 75.5 | 82.5 75.5 76.5 94.8 81.0 
CEE EE gas 105.3 78.5 | 83.3 82.3 91.5 998 87.1 
Improved Pilot ...... 108.0 119,8 | 124.3 119.3 120.5 138.0 124.4 
Treatment mean Bm N 76.4 | 90.5 


1 above node bearing first true leaf. 


Significant difference (S.E.XtX V2) for comparison of individual means: 
END = 50/0) 29.90 (P10 6/0) 


» » » » comparison of treatment means: 
2.2 (P=5 %), 29 (P=1 °o) 
» » » » comparison of varietal means: 


3.3 (P=5 %), 4.3 (P=1 %) 


Differential response of pea varieties 


For this experiment the eleven varieties listed in Table 2 were chosen; 
14 day old plants were treated by spraying until just before run-off with 
water, aqueous solutions of gibberellic acid (10 or 100 ug./ml.) or indolyl- 
acetic acid (2 or 20 ug./ml.). All treatments were replicated four times. 
A preliminary experiment had shown that IAA produced a maximal response 

-at 20 ug./ml.; on the other hand 100 ug./ml. gibberellic acid was probably 
sub-optimal. The mean growth increments after 7 days for each treatment 
on each variety are recorded in Table 2. 

In the analysis of variance it was found that variances due to treatments 
and to varieties were both highly significant (P<1 °/o) and that the inter- 
action between treatments and varieties was also significant (P < 1 °/o). Con- 
sidering first the treatment means for all varieties combined, it is clear that 
both gibberellic acid treatments produced a great increase in the growth 
increment; the lower dose of indolylacetic acid had no effect, but the 
20 ug./ml. spray caused a small increase in growth increment, just reaching 
significance at the 1 °/o level. If the individual treatment means for each 
variety are inspected it will be seen that the slower-growing varieties showed 


44 
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GA,100 ug/ ml 
GA,10 ng/ ml 
IAA,20 pq / ml 


Figure 6. Relation between 
growth rate of pea varieties 
and response to gibberellic 
acid (GA) and indolylacetic 
acid (IAA) sprays. Regression 
coefficients of response on 
log,) growth rate are: — GA 
100, —274.4+21.5; GA 10, 
—196.9 + 21.5; IAA 20, —26.4 
262: 


RESPONSE INDEX 


DE I 14 Ta REISE 
LOG,9 GROWTH RATE (mm/7days) OF UNTREATED PLANTS 


a great response to gibberellic acid treatment, whereas the rapidly-growing 
varieties showed little or no response, confirming the earlier result with three 
varieties. 

This is more clearly shown in Fig. 6. Here, a response index, calculated as 
follows: — 


mean growth increment of treated plants 
mean growth increment of untreated plants 


x 100 


has been plotted against log growth rate of the untreated plants for each 
variety. The varietal response index for both gibberellic acid treatments and 
the 20 ug./ml. indolylacetic acid spray is linearly related to log growth rate 
of untreated plants, and highly significant regression lines have been fitted. 
The regression lines for gibberellic acid are far steeper than that for indolyl- 
acetic acid and the net effect of gibberellic acid treatment has been once 
again to reduce the differences in growth rate between varieties. 


Discussion 


Dose-response relations 


The effects of doses of gibberellic acid in the range 0.01—10.24 ug. per 
plant were only satisfactorily distinguished in the experiment using the 
variety Meteor (Figures 1 and 4). We have seen that shortly after treatment 
all doses in that range produced an approximately equal effect, but that as 
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Figure 7. Growth rate of Meteor peas treated with gibberellic acid related to that of un- 
treated controls. — Doses of gibberellic acid given to the right in the diagram. For deri- 
vation of response index see text. 


the time after treatment increased large doses produced progressively greater 
growth responses than low doses. This relation can be further analysed and 
more fully understod if a ’response index’ is derived for each treatment for 
the intervals between each measurement. The response indices (viz. mean 
daily growth rates expressed as a percentage of the growth rate of untreated 
plants) have been plotted against time in Fig. 7, the assumption being made 
that the relative growth rates measured by the response indices were reached 
at a point in time intermediate between each measurement. Thus measure- 
ments were made at 0, 4, 7, 15 and 22 days and the response indices attri- 
buted to 2, 5.5, 11 and 18.5 days. Alternate doses have been omitted to avoid 
overcrowding the figure. 

Initially all doses increased growth rate to a similar extent. The growth 
rate of plants which received the highest dose (10.24 ug.) of gibberellic acid 
continued to increase in relation to the growth rate of untreated plants 
throughout the experiment. The relative growth rate of plants receiving 
lower doses after a period began to decline; thus the lowest dose (0.01 ug.) 
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produced its maximum effect after 2 days, the growth rate thereafter falling 
off until at the end of the experiment it closely approached that of untreated 
plants. Each progressively higher dose produced an initially more prolonged 
effect, reaching a greater growth rate as compared with the untreated plants, 
but the growth rates for each dose each fell away in turn from their appro- 
priate maximum. 

Thus, either by being used up in some growth reaction, or by degradation, 
or by progressive dilution in the increasing volume of tissue, or by a com- 
bination of several of these processes, the initial effect of a given dose 
begins to fall off with time; the greater the dose the more prolonged is its 
effect. However, the fact that a dose of 10.24 ug. per plant still had an 
increasing effect after 18.5 days, and that a dose of 0.01 ug. had over a period 
of 2 days as great an effect as the higher dose, indicates that gibberellic acid 
is fairly stable in the plant and is of a remarkably high degree of activity. 
Further experiments will be necessary to determine which of the suggested 
reasons for the eventual decline in effect of a single dose are in fact operative. 


Differential varietal response 


We have shown that there is a linear relationship between the log growth 
rate of a variety of pea and its ’response index’ to gibberellic acid or indolyl- 
acetic acid. The varieties used (Table 2) can be roughly divided into two 
groups as follows: — 


Vars. with low growth rate Vars. with high growth rate 
Onward Senator 
Peter Pan Achievement 
Gladstone Duke of Albany 
Phenomenon Gradus 
Kelvedon Wonder Improved Pilot 
Autocrat 


All those which showed a high growth rate in our experiment may be con- 
sidered to be tall varieties, with a height at maturity above 3 feet. With two 
exceptions those with a low growth rate are dwarf peas with a height at 
maturity not exceeding 2 feet. The two exceptions are Gladstone and Auto- 
crat which though above 3 feet at maturity are late maturing varieties, in 
other words they have a longer period of growth than the other varieties. 
Thus if we consider plants with roughly the same life span it is true to say 
that gibberellic acid and indolylacetic acid have a greater effect on dwarf 
peas than on tall ones. There is a marked quantitative difference between 
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Figure 8. Right, untreated Meteor pea; 
centre, Meteor pea treated with 10.24 ug. 
gibberellic acid; left, untreated Duke of 
Albany pea. All 26 days old. 


the effect produced by gibberellic acid and that produced by indolylacetic 
acid. Though indolylacetic acid only slightly increases the growth rate of 
dwarf peas and has little or no effect on tall peas, it does not appreciably 
reduce the gap in growth rate between dwarf and tall peas. Gibberellic acid, 
also with little effect on tall peas, has a much greater effect on dwarf peas, 
so that if a sufficiently high dose is given (Figures 1—3) the growth rate of 
a dwarf variety (Meteor) can be made to approximate to that of tall varieties 
(Duke of Albany or Improved Pilot). This is clearly shown in Figure 8 where 
an untreated Meteor plant, a Meteor plant treated with 10.24 ug. gibberellic 


acid and an untreated Duke of Albany plant are shown side by side. 


Dwarf forms have arisen in many species of plant, and have been per- 
petuated in several cultivated plants, notably in peas, broad beans (Vicia) 
and french beans (Phaseolus). The dwarf plants in each case show symp- 
toms of some form of derangement in auxin metabolism. Some earlier 
workers have attributed the dwarf condition to more rapid destruction of 
auxin (de Haan and Gorter, 1936; van Overbeek, 1938). A more recent 
investigation by von Abrams (1953) failed to confirm this view. He found 
that indolylacetic acid applied as a spray increased stem extension of a dwarf 
pea and somewhat decreased that of a tall pea. Our result in general con- 
firms his, but in so far as we have used a greater number of varieties we 
have made the observation more precise and have demonstrated the existence 
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of a definite relation between response to exogenously applied indolylacetic 
acid and the intrinsic growth rate of a variety. Von Abrams, in further 
experiments, was unable to demonstrate any difference in auxin content 
between his tall and dwarf varieties, nor in capacity to destroy indolylacetic 
acid or in capacity to produce indolylacetic acid from its natural precursor 
tryptophane. Adding to these negative observations the fact that indolyl- 
acetic acid treatment did not increase the growth rate of his dwarf variety 
to anything approaching that of his tall variety, von Abrams concluded that 
‘auxin deficiency’ in the dwarf was not the fundamental cause of dwarfism. 
Our experience with indolylacetic acid confirms his, but application of gib- 
berellic acid elicited a response which virtually eliminated the distinction 
between tall and dwarf varieties. An understanding of the mode of action 
of gibberellic acid can therefore hardly fail to give us further insight into 
the physiological basis of the dwarf habit in peas and, conversely, the 
existence of the differential response between tall and dwarf peas should be 
of assistance in mode of action studies with gibberellic acid. We have found 
that there is a similar differential response between tall and dwarf varieties 
of broad bean (Vicia) and french bean (Phaseolus), so that the causes of 
dwarfism in these plants are probably the same as those acting in peas. 


Summary 


(1) The growth rate of shoots of seedlings of the dwarf pea variety Meteor 
is significantly increased by application of 0.01 ug. gibberellic acid per 
plant. Higher doses produce no greater effect if measurements are made 
shortly (4 days) after treatment, but in longer term experiments there is 
a linear relation between log dose and growth response in the dose range 
0.01—0.32 ug. per plant. 

(2) The growth rate of plants receiving a single dose increases relatively to 
that of untreated plants for a period, but eventually falls again to the 
growth rate level of untreated plants. The larger the dose (in the range 
0.01—10.24 ug.) the longer the period of enhanced growth rate is pro- 
longed. 

(3) Slow growing varieties of pea, e.g. dwarf varieties, respond more to 
application of gibberellic acid than fast growing varieties, e.g. tall 
varieties. Suitable doses of gibberellic acid virtually eliminate the differ- 
ence in growth rate between tall and dwarf varieties. Indolylacetic acid 
has a qualitatively similar but much smaller effect. In an experiment 
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with 11 varieties of pea the response to gibberellic acid, as measured by 
a ‘response index’, was linearly and inversely related to the log growth 
rate of a given variety at the time of treatment. 


We are indebted to Miss P. S. Hooper, Mr. I. H. Petty and Mr. R. G. Weaver for 
technical assistance. The gibberellic acid used in this work was prepared by our 
colleagues Mr. P. J. Curtis and Mr. G. L. F. Norris. 
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Introduction 


Our knowledge of the terminal respiratory enzymes in plant neoplasms 
is extremely limited and consists of the results of several investigations made 
on crown-gall tumors (1). Explants of tumors induced by a specific virus 
on the roots of Rumex acetosa L. will grow in a chemically defined medium 
thus providing an excellent source of pathological material for studies on the 
metabolism of neoplastic growth. The cancerous nature of this tissue plus 
the presence of a known causative agent within the host cells would lead one 
to expect that the metabolism of Rumex virus tumors is different in some 
respect from that of normal tissues. This report represents part of an in- 
vestigation designed to determine the differences, if any, in the metabolism 
of normal and tumor tissues and deals with the enzymes involved in the 
terminal respiration of virus tumors. 


Materials and Methods 


Rumex virus tumors were grown in culture on the medium of Burkholder 
and Nickell (2). The cultures were maintained at 22° C under continuous 
illumination. The methods used to transfer and prepare the tissue for respira- 
tory studies have been described (3). 
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Tumors were homogenized in a cold mortar and pestle containing acid- 
washed sand with an equal amount (W/V) of cold 0.05 M phosphate buffer 
at the pH indicated for each experiment. The resulting suspension was 
strained through cheesecloth and then centrifuged at 1000 X g for ten minutes. 
The supernatant from this centrifugation was used directly as the source of 
enzymes. 

Reduced cytochrome c was prepared by dissolving cytochrome € (0.5 
mg/ml) in 0.03 M phosphate buffer, pH 7.7, and adding sodium hydrosulfite 
to a final concentration of 0.004 M. The resulting solution was aerated for 
ten minutes and sufficient buffer added, when necessary, to adjust to the 
desired optical density at 5500 A. 

Cytochrome c and reduced diphosphopyridine nucleotide were obtained 
from the Sigma Chemical Co. Pyrogallol and succinic acid were obtained 
from Mallinckrodt Chemical Works, 2,6 dichlorobenzenoneindophenol (Na 
salt), catechol, and p-phenylenediamine from Eastman Kodak Co., and 
hydrogen peroxide from Merck & Co. Ascorbic acid and tyrosine were 
obtained from General Biochemicals, Inc., hydroquinone from The Matheson 
Co., and bovin plasma albumin from Armour Laboratories. 

Protocols for individual experiments are given in the text or in legends 
accompanying the figures. 


Results 


The terminal oxidases present in living systems may be classified as 
follows: 


I. Metal-protein oxidases 


A. Iron-protein oxidases, including: 


1. Cytochrome oxidase 
2. Catalase 
3. Peroxidase 


B. Copper-protein oxidases, including: 
1. Polyphenol oxidase 
2. Laccase 
3. Ascorbic acid oxidase 


II. Flavin oxidases, e.g. glycolic acid oxidase. 


The present investigation is concerned with enzymes from each of these 
groups. 
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Figure 1. Cyanide inhibition of the respiration of slices of Rumex virus tumors at 232% 

Tissue suspended in 3.0 ml 0.05 M phosphate buffer, pH 6.0, containing KCN where indi- 

cated. Center well contained 0.2 ml 20 °/o KOH in the absence of KCN. In vessels contain- 

ing 0.001 M and 0.01 M KCN in the main compartment, the center wells contained 1.0 M 

and 2.0 M KCN respectively. Filter paper wicks were used in all center wells. Manometers 
were read every 15 mins. after a 30 min. equilibration period. 


Figure 2. Cytochrome oxidase activity of an extract of Rumex virus tumors. Activity deter- 

mined spectrophotometrically at 5500 Ä by the change in optical density accompanying the 

oxidation of reduced cytochrome c by an enzyme preparation. Reaction mixture contained 

3.0 ml reduced cytochrome c solution, pH 7.7, and 0.03 ml enzyme preparation. Boiled 
enzyme preparation served as a control. 


Cyanide Inhibition of Respiration. Cyanide inhibition of the oxygen 
uptake of slices of tumor tissue is shown in figure 1. In the vessels con- 
taining cyanide in the main compartment, cyanide was also used as the CO, 
absorbent in the center well as suggested by Laties (4). Cyanide (0.001 M) 
inhibited respiration by about 45 °/o in 90 minutes and this inhibition was 
only slightly greater with a higher concentration of cyanide (0.01 M), 
suggesting that the cyanide-sensitive respiratory system was almost com- 
pletely inhibited at the lower concentration of the inhibitor. The inhibition 
of oxygen uptake by cyanide suggests, of course, the presence of a heavy- 
metal mediated oxidase system. A residual cyanide respiration suggests the 
presence of a flavin oxidase system. 


The Cytochrome System. Cytochrome oxidase and the cytochrome c re- 
ductases are the enzymes of this system involved in this study. The latter 
group of enzymes have been distinguished by Lardy (5) according to their 
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Figure 3. Inhibition of cytochrome oxidase activity by 0.001 M KCN. Protocol same as in 
figure 2; KCN, 0.001 M. 
Figure 4. Succinic dehydrogenase activity of Rumex virus tumor extracts. Reaction mixture 
in Thunberg tubes:,0.0001 M 2,6-dichlorobenzenoneindophenol in 0.05 M phosphate buffer, 
pH 7.0, 4.0 ml; bovin plasma albumin, 0.8 mg; succinate, 1.0 M (or buffer), 0.1 ml; enzyme 
preparation, 0.5 ml. Control mixture lacked substrate. 


reducing donors, e.g. succinic acid, reduced diphosphopyridine nucleotide 
(DPNH), and reduced triphosphopyridine nucleotide (TPNH). 

Cytochrome oxidase was demonstrated spectrophotometrically in a Beck- 
man DU spectrophotometer by following the change in optical density at 
5500 Ä accompanying the oxidation of reduced cytochrome c (Figure 2). 
This method has the advantage of requiring only small quantities of tissue, 
and is particularly desirable when the tissue under investigation is grown 
- in culture. The tissue homogenates and the reduced cytochrome c solution 
were prepared at pH 7.7 as previously described. The cytochrome oxidase 
was inactivated by boiling and was inhibited by cyanide, 0 001 M (Figure 3). 

Although the coenzyme-linked cytochrome c reductases and probably 
succinic dehydrogenase are flavin-containing enzymes, their intimate asso- 
ciation with the cytochrome system warrants their inclusion in this section. 
Attempts to demonstrate the oxidation of succinate by tissue homogenates in 
Warburg respirometers were unsuccessful. Also, the reduction of cytochrome 
c by a succinate system was not indicated. However, succinic dehydrogenase 
activity was demonstrated by the anaerobic reduction of the dye, 2,6 dichloro- 
benzenoneindophenol (Figure 4). These experiments were performed essen- 
tially as described by Price and Thimann (6). The tissue homogenate was 
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Figure 5. DPNH-linked cytochrome c reductase activity of Rumex virus tumor extracts. 

Reaction mixture contained 2.7 ml of 0.05 M phosphate buffer, pH 7.0, containing 0.5 mg/ml 

cytochrome c; 0.1 ml KCN (0.1 M); 0.1 ml DPNH (6.0 mg/ml); 0.1 ml enzyme preparation. 

Controls consisted of a complete mixture containing boiled enzyme and another lacking 
DPNH. 


Figure 6. Catalase activity of an extract of Rumex virus tumors. Oxygen evolution measured 

at 25° C. in Warburg respirometers, total fluid volume 1.2 ml. Vessels contained indicated 

amount of enzyme plus sufficient phosphate buffer, 0.05 M, pH 7.1, to make 1.0 ml. Sidearm 

contained 0.1 ml of 0.3 M HzO, or water. Contents of sidearm tipped in at 0 time. Center 
well contained 0.1 ml 20 °/o KOH and filter paper wick. 


prepared by grinding the tumors in 0.2 M sucrose in 0.03 M phosphate 
buffer, pH 7.0. The reaction was carried out in Thunberg tubes in vacuo 
and the reduction of the dye was measured in a Klett-Summerson colori- 
meter. Reduction of the dye in the absence of substrate was negligible. 

A DPNH-linked cytochrome c reductase was demonstrated (Figure 5) by 
measuring the reduction of cytochrome c in the presence of cyanide. No 
attempt was made to demonstrate a similar system involving TPNH. 


Catalase and Peroxidase. Both catalase and peroxidase are iron-proteins 
which react with hydrogen peroxide as follows: 
2H,0, catalase 2H,0+0, 


ee 


H,0, +HO—R—OH peroxidase 2H,0+0=R=O 


——— 


where R could be many organic compounds (7). 
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Figure 7. Peroxidase activity of Rumex virus tumor extracts. Oxidation of pyrogallol was 
measured spectrophotometrically at 4250 À. Complete reaction mixture contained phos- 
phate buffer, 0.05 M, pH 7.1, 2.8 ml; pyrogallol (5 °/o), 0.1 ml; enzyme preparation, 0.01 ml; 
H20» (1 0/0), 0.1 ml; KCN 0.001 M when included. A complete mixture containing boiled 
enzyme and one lacking H303 served as controls. 
Figure 8. Oxidation of catechol by peroxidase system in extract of Rumex virus tumors. 
Reaction mixture contained phosphate buffer, 0.05 M, pH 7.1, 2.55 ml; catechol (30 mg/ml), 
0.2 ml; enzyme preparation, 0.15 ml; H202 (1 °/o), 0.1 ml. Activity with boiled enzyme 
preparation or in the absence of hydrogen peroxide was negligible. 


Catalase activity in tumor homogenates was demonstrated manometrically 
by measuring the evolution of oxygen in the presence of enzyme and hydro- 
gen peroxide. Figure 6 shows the amount of oxygen evolved at several 


enzyme concentrations. There was no measurable evolution of oxygen when 


the enzyme preparation was boiled or in the absence of hydrogen peroxide. 


Peroxidase. Peroxidase activity was determined by the oxidation of pyro- 
gallol and catechol in the presence of hydrogen peroxide. Peroxidase activity 
based on the oxidation of pyrogallol to purpurogallin is shown in figure 7. 
The oxidation of pyrogallol was followed at 4250 Ä in a Beckman spectro- 
photometer. The results are expressed as changes in optical density; no 
attempt was made to convert these figures to mg. purpurogallin. Oxidation 
of pyrogallol was completely inhibited by 0.001 M cyanide. The oxidation 
of catechol by a peroxidase system was also shown (Figure 8). Oxidation of 
catechol was followed at 6750 Ä and there was no measurable change in 
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optical density in the absence of hydrogen peroxide or if the enzyme pre- 
paration was boiled. This method is essentially the same as that used by 
Waygood (8) to indicate peroxidase activity in wheat. 


Copper-protein and flavin oxidases. All attempts to demonstrate the pre- 
sence of the copper oxidases — polyphenol oxidase, laccase, and ascorbic 
acid oxidase — were unsuccessful. A number of attempts were made to show 
ascorbic acid oxidation in Warburg respirometers, and by the spectrophoto- 
metric method described by Racker (9). No ascorbic acid oxidase activity 
was indicated. It would also appear that polyphenol oxidase and laccase 
activity are lacking in these tumors. It was stated in a previous section that 
catechol was not oxidized in the absence of hydrogen peroxide. Since some 
polyphenol oxidase systems will not oxidize catechol, but will oxidize related 
compounds (10), other substrates were utilized. There was no oxidation of 
tyrosine, p-phenylenediamine, and hydroquinone. In addition, tissue homo- 
genates showed no evidence of darkening upon standing. 

The presence of a residual cyanide respiration suggests that a flavin 
oxidase system is present, but attempts to demonstrate glycolic acid dehydro- 
genase were unsuccessful. No other studies on the possible presence of a 
flavin oxidase system were conducted. 


Discussion 


On the basis of the evidence presented in this paper, it appears that the 
iron-containing enzymes are the most important, if not the only enzymes 
involved in terminal oxidation in Rumex virus tumors. It is possible that 
a flavin oxidase system is present, although the only evidence to support 
this view is the presence of a residual cyanide respiration. It should be noted 
that the degree of cyanide inhibition of respiration may depend upon the 
method used to measure oxygen uptake (11). However, since the oxygen 
uptake in the presence of 0.01 M KCN was considerable, it would appear that 
there is a real cyanide insensitive respiration. Although the question of a 
flavin oxidase system is still open, it appears that a copper oxidase system is 
completely lacking. 

A cyanide-sensitive cytochrome oxidase system as well as two cytochromec 
reductases, e.g. DPNH and succinate, are present. Reduction of cytochrome Cc 
by the succinate system could not be demonstrated but the presence of 
succinic dehydrogenase was indicated by dye reduction. It is believed that 
the reduction of cytochrome c by a succinate system is not direct (12) but 
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that a carrier or a special enzyme may be interposed between succinic 
dehydrogenase and the cytochrome system (13). 

It is possible that these intermediates are inactivated during the prepara- 
lion of the enzyme. The importance of the reductases in terminal oxidation 
is impossible to evaluate at this time, but it would seem that the cytochrome 
system occupies the most important position in the respiratory pattern. 
However, both catalase and peroxidase are present although the physio- 
logical importance of these enzymes needs further investigation. It is be- 
lieved that increasing knowledge of the role of these enzymes may link them 
directly with respiration. Cheng (11) has pointed out that amino acids produce 
hydrogen peroxide on oxidation and this hydrogen peroxide can be utilized 
by catalase and peroxidase. This author further states that the extremely 
low concentration of peroxide in vivo, a much lower concentration than that 
of oxygen, argues against the participation of peroxidase in normal respira- 
tion. 

The information available concerning the enzymatic processes of animal 
tissues, both normal and neoplastic, is considerable, although incomplete. 
Although a good deal of information is available concerning plant enzymo- 
logy, few investigations on the enzyme systems of plant tumors have been 
conducted. Evaluation of the data presented here awaits further studies on 
control tissues grown under identical conditions. The chief difficulty in con- 
ducting comparative physiological studies with Rumex virus tumors is the 
inability to grow normal host tissue in culture. However, further efforts 
should be directed toward this end. In addition, tumors of different types can 
be induced in a number of plants from which normal and neoplastic explants 
can be grown in culture. A comparative study of the enzymatic processes of 
such tissues would be most welcome. 


Summary 


A survey was made of the terminal respiratory enzymes in Rumex virus 
tumor tissue grown in culture. 

The oxygen uptake of slices of Rumex virus tumors was inhibited about 
45 per cent by 0.001 M cyanide. This inhibition suggested the presence of a 
heavy-metal mediated oxidase system. 

Cytochrome oxidase, DPNH-linked cytochrome c reductase, and succinic 
dehydrogenase were found to be present. 

Catalase and peroxidase activities were also demonstrated. 

The copper-protein oxidases — polyphenol oxidase, laccase, and ascorbic 
acid oxidase, were absent in this tissue. 
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Although a residual cyanide respiration suggested the presence of a flavin 
oxidase, attempts to show glycolic acid dehydrogenase activity were un- 
successful. 
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Introduction 


During the last years the yeast fungus Candida albicans has gained great 
importance as a human pathogen. This is especially due to the use of certain 
antibiotics which, by disturbing the balance between the microorganisms, in 
certain cases have given rise to infections due to overgrowth of C. albicans. 
The problem as to in which way such an infection can be eliminated has 
become important. In this connection the demand for special Candida research 
was discused. This Kligman (1952) raised the question of whether these fun- 
gus infections, arising after antibiotic therapy, were of secondary importance, 
while the disturbed vitamin balance and the appearance of resistant staphy- 
lococci and streptococci were regarded as the primary problem. Later on, 

„however, it became evident, through the increasing number of Candida infec- 
tions, that a direct Candida therapy was necessary. 

The present investigation deals with the problems mentioned above. The 
original intention was to find an antimetabolite capable of inhibiting the life 
processes of the fungus by investigating the demands of fundamentally im- 
portant substances as well as the requirements of vitamins and trace elements. 
In this connection many substances were tested for fungistatic action. Later 
on, however, it was found necessary to test even substances without a known 
action mechanism and without connection to the growth conditions of the 
fungus. 

C. albicans, which has a yeast phase and a mycelial phase of growth 
depending on the culture conditions, was investigated in this study entirely 
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in its yeast phase, which is primarily found on media containing glucose. 
Nickerson and Mankowski (1953) have shown that media rich in glucose and 
phosphate as well as large amounts of -SH-groups (e.g., cystein), allow yeast 
cells to develop while mycelial formation is entirely suppressed. 

The greater part of the investigation has been performed with one strain 
of C. albicans (originally isolated from a human case of candidiasis) obtained 
through the courtesy of A. Norden, M. D., Medical Clinic, Lund, who also 
suggested the problem. 


Methods 


Stock cultures of C. albicans were obtained by growing the fungus at 37° C on 
Sabouraud’s glucose-agar containing 4 per cent glucose, 1 per cent peptone and 1.5 
per cent agar. 

The greater part of the investigation was performed as growth experiments either 
with shaking cultures or with the aid of Warburg technique. In both cases a simple 
synthetic glucose-asparagine medium was used as the basic medium. This medium 
was composed in the following way: Glucose 20.0, asparagine 2.0, KH,PO, 1.5, 
MgSO, : 7 H,O 0.5 grams per litre, and biotin 0.1 microgram per litre. The following 
metals were added in trace amounts: Fe?* 0.20, Zn 0.18, Mn 0.02 ppm. The pH of 
the medium was adjusted to 5.5—5.7 by the addition of NaOH before sterilizing. 

These two substrates permit rapid growth of the yeast phase of the fungus and 
exclude mycelial growth entirely or almost entirely. 

All chemicals used were standard preparations with the highest degree of purity. 
Glass-distilled water was used throughout the investigation. All glassware (Pyrex) 
was treated with dichromate cleaning solution before rinsing in tapwater and double- 
distilled water. 

Growth experiments were carried out mostly in 200 ml Erlenmeyer flasks contai- 
ning 40 ml liquid medium. The flasks were twice sterilized by steaming 25 minutes 
with an interval of 22—24 hours. Agar substrates were autoclaved 15 minutes at 
120° C, and pipettes and other glassware were sterilized in air 150—160° C for 
two hours. 

The culture flasks were placed on a shaking table with 100—120 reciprocal move- 
ments per minute to keep them well aerated. The flasks were kept at 25° C in dark- 
ness for at least 4 days. The results were read by weighing the dried cells after 
autoclaving (because of the pathogenicity of the fungus), centrifuging, and washing. 
Weighing was performed directly in the centrifuge tubes employed. 

In growth experiments in Warburg apparatus the same liquid medium as above 
was used. Every flask was furnished with 2.0 ml of the basic medium, 0.5 ml of a 
cell suspension, and water and other substances to give a volume of 3.3 ml per flask. 
Two tenth ml 10 per cent KOH was given to the centre cup. The temperature was 
kept at 25° C as in the shaking cultures and the oscillation rate was about 110 move- 
ments per minute. The oxygen uptake was read every half an hour during the entire 
experimental period which always was 6 hours. 

The shaking cultures as well as the Warburg flasks were inoculated with a suspen- 
sion of yeast cells which was obtained by washing cells either in the basic medium 
(except biotin) or in water, centrifuging and resuspending. The turbidity of the sus- 
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pension was adjusted in a Klett-Summerson photoelectric colorimeter, using a blue 
filter No. 40 (400—465 my), to a reading of 10-100, corresponding to a cell density 
of about 5 - 10°—5 - 107 cells per ml. Every 40 ml flask was inoculated with 0.5 ml 
of this suspension, giving an initial cell density of about 6 : 104—6 - 105 cells per ml. 
In Warburg experiments this initial cell density was about 106-107 cells per ml, cor- 
responding to a dry weight of about 0.1 mg per Warburg flask. 


During the earlier part of the investigation difficulties were encountered in obtain- 
ing reproducible results. Thus sometimes growth was very vigourous even in controls 
without added biotin, while occasionally growth was very meagre, irrespective of 
biotin concentrations. Later on it became evident that these differences, at least to 
the greater part, were due to differences in the inoculation material. During the course 
of the work, therefore, several ways of culturing a material for inoculation were 
tried. The following four methods were used: 


1) Suspending cells from two-day cultures on glucose-agar in the basic medium 
(except biotin) or in water (»agar cells»). 

2) Shaking »agar cells» in tapwater or distilled water on the shaking table for 
1—2 days before inoculation (»starved cells»). 

3) Subcultivating »agar cells» once or twice in the synthetic medium, using cells 
grown in this medium as inoculate, 

4) Growing cells in a so-called chemostat to obtain an inoculation material as 
homogeneous as possible (»chemostat cells»). 


By using the first three methods it was not possible to get rid of these variations 
in growth. This may at least in part depend on the age of the agar medium, on 
the age of the inoculation cells themselves, which was especially true in the third 
method, or, which is not quite excluded, on some uncontrollable differences in the 
media. 

The third method, however, was shown to give results far superior to the others. 
Cells of this kind never gave these large differences mentioned above, being very 
homogeneous at every inoculation period. 

During recent years several papers on the continuous culture of microorganisms 
have been published. Thus Novick and Szilard (1950) described an apparatus called 
a chemostat convenient for the genetic study of bacteria, and Monod (1950) another 
type of apparatus for the continuous culture of bacteria. Most often this method of 
culturing microorganisms under controlled conditions has been used for bacteria. 
In a few cases, however, even fungi have been grown in this way. Thus B. von Hof- 
sten, A. von Hofsten, and Fries (1953), using a modification of Monod’s apparatus, 
cultured Ophiostoma multiannulatum mainly in its conidial state. 

In the continuous culture of microorganisms the growth rate is kept constant 
and less than the maximal growth rate. This low and constant growth rate is achie- 
ved by keeping one factor of the medium constituents at a low limiting level. Under 
these circumstances the growth rate is proportional.to the concentration of this 
factor. The growth rate is then further varied with the rate of addition of the nutrient 
medium. The theoretical background for the continuous culture has been given by 
Novick and Szilard (1950 a) and Monod (1950). 

For the continuous culture of C. albicans in its yeast phase a chemostat of the 
Novick-Szilard type was used. As the growth conditions of yeast cells correspond 
very closely to those of bacteria it was possible to use this sort of apparatus. The 
apparatus had been slightly modified by Dr. N. Fries (Institute of Physiological 
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Figure 1. The apparatus 
for continuous culture. 
A: reservoir for the me- 
dium, B: air pressure re- 
gulator, C: culture ves- 
sel, D. inoculating port, 
E: outlet capillary tube, 
F: air-bubbling capillary 
tube. 


Botany, Uppsala) and only a few additional modifications were needed for the cul- 
ture of C. albicans. Thus it was found that the Candida cells with a mean diameter 
of about 5 u showed a tendency of sinking to the bottom of the outlet capillary tube 
E (Figures 1 and 2) where the stirring effect of the air bubbling through the tube F 
is not very pronounced. This trouble, however, was eliminated by choosing a larger 
capillary tube and by making it rounded as in the figure instead of square. 

The culture medium for the continuous culture had the same composition as the 
synthetic medium used in growth experiments with the exception of the biotin con- 
centration which was lowered to 0.02 ug per litre in order to limit growth. The trans- 
fer of the medium in the reservoir A to the culture vessel C through a capillary tube 
was kept at a constant rate by means of air pressure, as described by Novick and 
Szilard (1950). — Homogenation of the cell suspension in the culture vessel was 
obtained by bubbling sterile air through the solution (capillary tube F). 

In this chemostat, which was inoculated through the tube D, a cell density in 
the culture vessel of about 5-107 cells per ml was obtained with a flow rate of 2 
drops per minute. After washing, these cells were used as inoculation material. For 
inoculation the cells were taken directly from the culture vessel. The culture medium 
was then adjusted to the same volume and equilibrium was established before the 
next inoculation. 

In this way a cell material as homogeneous as possible was obtained. Since the 
cells are in the phase of active growth the number of dead cells is highly reduced. 
The advantage of using such cells as inoculation material over the methods earlier 
employed is obvious. It was also very soon found that the large differences in growth 
results from time to time disappeared and that remaining variations could be ascribed 
to other factors (e.g., constituents of the medium). 

In the later part of the investigation, where also Warburg technique was used in 
growth and inhibition experiments, it was of importance to use cells in active growth. 
In this respect the »chemostat cells», which were consistently very homogeneous, 
showed great advantage over »agar cells». In Table 1 the oxygen uptake of the same 
amount of »chemostat cells» and »agar cells» is measured after an experimental 


STUDIES ON GROWTH AND INHIBITION CF CANDIDA ALBICANS 695 


Figure 2. Detail of the chemostat arrangement. 


For explanations see Figure 1. 


period of 6 hours. There is a marked difference between these cells, the »chemostat 
cells» being homogeneous and in their active growth state. A reduced number of 
living cells among the »agar cells», however, is not excluded. By using »chemostat 
cells» in growth experiments in Warburg apparatus it was possible to obtain clear-cut 
results even with a relatively small inoculum and within reasonable time. 


Table 1. Oxygen uptake by the same amount of »chemostat cells» and »agar cells» respec- 
tively during 6 hours at 25° C. The figures represent the O2 uptake in ul in duplicate 
experiments. 


| Cell material 


| 


| »Chemostat cells» | »Agar cells» 


~1 00 


6.4 BY, 
8.1 32.1 
Results 


1. The requirements of growth substances and trace elements by C. albicans 


The growth factors for yeasts have been investigated several times. Thus 
Burkholder (1943) in a study of several yeasts, about ten of which were 
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Table 2. Effect of additions of the following growth factors to the synthetic mea 

thiamin 200, pyridoxine 200, Ca-pantothenate 200, nicotinic acid 200, biotin 0.2, and =; 

sitol 1000 ug per litre. The figures represent dry weights in mg of shaking cultures in 
duplicate or triplicate flasks after an experimental period of 10 days. 

RE FD ma en un nn 


Additions of growth factors 

thiamin pyridoxine pyridoxine thiamin pyridoxine pyridoxine 
. Ca-pantothenate Ca-pantothenate) Ca-pantothenate Ca-pantothenate ihiamin| biotin 
=] nicotinie acid nicotinic acid nicotinic acid nicotinic acid | 
E biotin inositol biotin inositol inositol inositol 

| i 
11 127 139 | 16 14 I 18 153 
10 123 147 13 14 13 149 

128 | 143 | 12 17 


Candida species, found that all these species required biotin and that some of 
them also had a demand for thiamin. In similar experiments with the strain 
of C. albicans most often used in this investigation the following growth 
factors were tested in shaking cultures: thiamin 200, pyridoxine 200, Ca-pan- 
tothenate 200, nicotinic acid 200, biotin 0.2, and inositol 1000 ug per litre. 
Only biotin was shown to have any effect which is seen from Table 2. — 
An amount of biotin of 0.1 ug per litre was shown to be sufficient for con- 
tinuous growth under these circumstances. 

The requirements of trace elements of C. albicans were tested in a series 
of experiments. The medium used here was the above-mentioned glucose-aspa- 
ragine medium either freed from trace metals before adding the metals under 
investigation or without such previous treatment. Two different methods of 
removing trace elements were used, the one introduced by Lilly and Leonian 
(1945) using charcoal and a pH of 8, the other was the method of Waring and 
Werkman (1943) with treatment of the solutions with 8-hydroxyquinoline 
and subsequent washing with chloroform. 

The results from the various experiments with different treatment of the 
substrate are in good agreement with each other and may be summarized 
in the following way: 

Fe showed the most pronounced enhancing effect on the growth of C. albi- 
cans, further strengthened by addition of Zn. A certain antagonism between 
Fe and Mn was observed, this antagonism being counteracted by adding Zn. 
Any direct growth-stimulating effect of Mn was never noticed under these 
conditions, Also additions of Ca, Cu, and Mo in varying concentrations were 
ineffective in these experiments. The following metals in the concentrations 
stated were also ineffective: B 0.02, Li 0.02, Be 0.10, Al 0.20, Sr 0.05, TI 0.05 
Cr 0.10, Co 0.10, Ni 0.05, Pb 0.05, and Ag 0.05 ppm (a slight inhibitory effect 
was noticed with Ag in this concentration). 
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Figure 3. Growth and pH conditions in the unbuffered liquid medium during an experi- 
mental period of 10 days. 


Figure 4. Growth and pH conditions in a medium buffered with 1/50 M KH2POq4 and 
1/50 M NaHPO,. 


The composition and the amounts of trace elements in the liquid medium 
used in the subsequent experiments were founded on these preliminary ex- 
periments. According to these results the following gave maximal effect: Fe 
0.20, Zn 0.18, and Mn 0.02 ppm. 


2. Growth and pH conditions in shaking cultures 


The synthetic medium containing 20 g glucose and 0.1 ug biotin per litre 
allows continuous growth for about 5 days, whereupon growth stops or in- 
creases only inconsiderably which is shown in Figure 3. Under these circum- 
stances a dry weight of about 200 mg is obtained. The glucose concentration 
is the limiting factor here which is seen in Figure 5, showing the connection 
between glucose concentration in the medium and dry weight of the fungus. 
The glucose determinations were performed according to Philipson (1943). 

From Figure 5 it is evident that the glucose is practically used up at a dry 
weight of about 150 mg. This value of the dry weight is reached after 3—4 
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mM glucose per flask 


Figure 5. The connection between glu- 
cose concentration in the medium and 
dry weight of the fungus. 


400 200 
mg dry weight per flask 


days (Figure 3), while the growth still continues for another one or two days. 
Therefore it was found convenient in growth experiments, where promoting 
or inhibiting agents were investigated, to conclude the experiment after 4 days 
cultivation, when the culture was still growing. 

The medium employed contained only primary phosphate and, for this 
reason, it had only a slight buffer capacity. Therefore the pH which was 
adjusted to an initial value of 5.5—5.7 varies considerably during growth as 
is shown in Figure 3. It is interesting to notice how the pH drops from 5.5 
to about 4, the dry weight at the same time increasing to about 150 mg, i.e., 
as long as glucose is still present in the solution. After that point the pH 
rapidly increases to its original value where it remains constant during the 
rest of the experimental period. 

In order to see whether these large pH variations had any considerable re- 
tarding effect on growth, experiments were made with a medium which was 
strongly buffered with phosphate, 1/50 M KH,PO, and 1/50 M Na,HPO,, 
giving a pH of 6.8. The variations in pH, of course, were not as accentuated 
as with the unbuffered medium, although a change of about one pH unit was 
observed during growth (see Figure 4). 

If the total growth of the fungus in the buffered medium is compared with 
that in the less buffered one (Figures 4 and 3), as reflected in the dry weights, 
no increase of growth is observed in the medium with more constant pH. 
On the contrary, a slight decrease in growth is noticed in this case. The 
economical utilization of the medium components, therefore, does not seem 
to be retarded even by the great changes of pH during growth. 
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Table 3. The inhibiting action of different compounds. 
mn a u u A ee el ae aS a ED I al a ees 


Lowest 
concentration 
Substance for! total Remarks 
inhibition 
LACET) GPA EE ee a ee RW seats Cerca Shes PA — Equally stimulative as 
Auxins and related compounds: una 
1,2,3,4,5-pentachlorophenoxyisobutyric acid .. DU AM 
2,4,6-trichlorophenoxyisobutyric acid ........ 
4-chlorophenoxyisobutyrie acid ............ }> ae 
4-bromophenoxyisobutyric acid ............ 
4-iodophenoxyisobutyric acid .............. 1> EM 
UDRENOKYPDEUDIONIC Ad ee 
4-chlorophenoxypropionic acid ............. 1> 10-3 M 
2,4-dichlorophenoxypropionic acid .......... 
2,4-dichlorophenoxyacetic acid .............. 
2,4-dichlorophenylsulphoxyacetic acid ...... No effect in 10° M 
4-chlorophenoxycaproic acid ............... 
ISM VIA CE OLA CIO RE esse DURS EM 
4-aminophenoxyisobutyric acid ............ } : 
4-nitrophenoxyisobutyric acid .............. NO HEIN 
GEAMINE! ES TR PE IE aies else sement : 
DRATOlC ME, er a PRE ed à [no CHAINE 
Coumarin derivatives: 
Le ad: Same No effect in 5:10—5! 
EVD ATA Mie sees ces ie Nr et M. Besides C. albicans 
Methyldaphnetin <= 22 case ME RE EL also Aspergillus niger 
Umhellferoreng eer. een was tested. 
IB EDV MS OLUIOCY AD ALC LE dames nes ~ 10-2 M | Added to the medium 
after sterilization. 
Quaternary ammonium compounds: 
Septing Pharmacia), Ca... re «glo | In tests with Rhodo- 
| Getylpyaadımıumschlorides 2... 0.001 per cent | torula, Mucor, and As- 
DE EEE. EEE NAHEN | pergillus species 0.01 
per cent was needed. 
Heart-wood substances: 
PITOSY VAE EN Oe eae TI ae tee Se \ 1 4 
Pinosylvin-monomethylether .........:..... her 
Selenium (as sodium selenate) ............... Total inhibition was 
found at 8:10‘ M. 
S-hydroxyquinoline ewes endende. 3-10 M hte vee 
8-hydroxyquinoline sulphonic acid! .......... No inhibition in 
10-3 M 
Monoiodo-8-hydroxyquinoline sulphonic acid?.. No inhibition in 
5-10—* M 
MAleiC IY GUAZI CGM nn weten. es ee dere No inhibition in 
EX Ae 
2,2’-dihydroxy-5,5’-dichlorodiphenylsulphide! .. Ss LO M 
1,2,3,4-tetrahydrofluorenone (THF) ! 10—1 M 


1 Generously placed at my disposal by AB. Pharmacia, Uppsala. 
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3. Inhibition of growth by means of several different substances 


In the search for an agent capable of inhibiting growth many different 
substances were tested. Several of these substances had some connection to 
the metabolism of the fungus, while others were chosen more or less at ran- 
dom. All agents were tested in shaking cultures, the substances generally being 
added to the medium before sterilization. The results, often negative, are 
given here only summarily (Table 3). 

As is seen from the table most of these substances cause total inhibition of 
growth only in rather high concentrations. With reference to the medical 
aspect of the problem, therefore, any further investigations were in möst cases 
not considered valuable. In one case, however, (8-hydroxyquinoline), the ef- 
fect was so marked that the action mechanism was investigated more in 
detail. 


4. Inhibition of growth by 8-hydroxyquinoline (oxine) 


a) Use of oxine as chelating substance and as antimicrobial agent 


Oxine is frequently used because of its ability to bind metals, thus removing 
heavy metals from nutrient solutions (Waring and Werkman 1943). The 
inhibiting action of oxine on C. albicans was detected by employing this 
method, growth being much less in one single experiment treated with oxine 
to remove trace elements. In this case the oxine was not totally removed 
because of insufficient washing with pure chloroform. 

Even as a desinfectant oxine has long been used, although the action 
mechanism has been investigated only in recent years. Zentmeyer (1943, 
1944), inhibiting growth of Fusarium, Ceratostomella, and Penicillium by 
oxine, believed this effect to be due to a pure trace element deficiency, be- 
cause the inhibition was removed when Zn was added in excess. Also Albert 
et al. (1947) showed that the antibacterial action of oxine was connected with 
its metal-binding power by detecting that from the 7 isomeric monohydroxy- 
quinolines only the compound with the OH-group in 8-position was capable 
of chelating action and, at the same time, antimicrobial action. Chelating 
action alone, however, did not secure antibacterial action which was shown 
by investigating several other types of chelating substances (Albert et al. 1947, 
1954). 

It has been shown in several investigations that an oxine inhibition may be 
counteracted by addition of an excess of metals (cf. Zentmeyer 1943, 1944). 
In this case it is significant how different metals are reported to counteract 
the inhibition in different organisms. Thus Albert et al. (1947) and Rubbo 
et al. (1950) mention that Co neutralizes the inhibition on Gram-positive 
organisms but Fe and Zn on Gram-negative organisms. This action of Co is 
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also reported by Schuler and Meyer (1950) for Bact. coli and by Sorkin et al. 
(1951) concerning the tuberculostatic action of oxine. A corresponding coun- 
teraction with Mn (and to a lesser degree also with Co) has been pointed out 
by Gale (1949) for the oxine inhibition of glutamic acid accumulation in 
Staphylococcus aureus. Anderson and Swaby (1951), on the other hand, could 
not destroy the inhibiting action on Aspergillus niger with Co, Zn, Mn, Fe, or 
Cu, but partly with Mo. 

It is further known that addition of Cu increases the inhibiting action of 
oxine (e.g., Sorkin et al. 1951). Rubbo et al. (1950) showed that if all traces 
of Fe and Cu were removed from the solution oxine lost its antibacterial 
action, thereby pointing out that the cause of oxine action was to be sought 
in the oxine-metal-complex. 

The present investigation of oxine action on C. albicans is partly a repeti- 
tion and a confirmation of results earlier obtained on other organisms, partly 
an attempt to explain further the action mechanism from these experiments. 
The technique used here was growth experiments in shaking cultures with 
an experimental period of 4 days alternating with growth experiments in 
Warburg apparatus for shorter periods (6 hours). Especially the last-mentio- 
ned method was instructive for the investigation of the action mechanism 
of oxine. »Chemostat cells» were almost exclusively used. 

In the earlier part of the investigation oxine base (Merck & Co.) was used, an 
alcoholic solution being added to the medium before sterilization. Later on, how- 
ever, for practical reasons, the water soluble oxine sulphate (Eastman) was emp- 
loyed. In Warburg experiments only oxine sulphate has been used. 

In turning from oxine to oxine sulphate a slight increase in fungistatic effect at 
the same molar concentration was noticed, probably owing to the fact that the 


oxine sulphate molecule contains two oxine molecules. In each of the results given 
below it is stated which substance was used in the particular experiments. 


b) Oxine inhibition in shaking cultures 


In the synthetic medium visible growth is obtained already after one day 
(Figure 3). An oxine concentration of 3:10? M (as oxine base or oxine sul- 
phate) is sufficient to prevent growth for an unlimited time. An oxine concen- 
tration of 10° M, on the other hand, gives a retardation in growth, visible 
growth appearing after 2—3 days as a rule, whereupon it continues as in a 
medium lacking oxine until limited by the glucose concentration. The duration 
of this lag, however, varies very greatly, from 1 to 4 days or more owing to 
hitherto unknown factors. The results of a typical experiment are shown 
in Figure 6. 

From preliminary experiments for the purpose of obtaining information 
concerning the reason for the retardation of growth in 10 5 M oxine sulphate 
it seems probable that this behaviour is due to an adaptation to this concen- 
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tration of the drug rather than to the presence of resistant cells in the in- 
oculation population. A gradual shortening of the lag phase was namely ob- 
tained by subcultivating cells from one 10~° M culture to another (9 days— 
4 days—2 days). This, however, was also true, although to a lesser extent, 
with control cells without previous treatment with oxine. Further investiga- 
tion on this subject is needed. 


c) Oxine action in the presence of Cu?* 


The inhibition of growth obtained by addition of oxine derivatives is mark- 
edly strengthened in the presence of Cu. The results of an experiment in 
shaking cultures with varying amounts of oxine and Cu (added as copper 
sulphate) are given in Table 4. It is seen from the table that by the presence 
of approximately equivalent amounts of Cu and oxine total inhibition is 
obtained at an oxine concentration of about 5:10 M. A tendency to a 
weaker action becomes apparent when Cu is added in excess. Cu itself is 
not inhibitory in these concentrations. 

As this increased effect must be ascribed to the greater amount of highly 
stable Cu-oxine-complex, experiments were also performed with additions of 
a preparation of Cu-oxine-complex (furnished by AB. Pharmacia, Uppsala) 
to verify further the toxicity of this complex (Table 5). 

On comparison between Tables 4 and 5 it is seen that the pure complex 
has somewhat greater effect than added oxine sulphate and copper sulphate. 
The results support the theory that the fungistatic action preferably must be 
due to the toxicity of the metal complexes in the solution and not to the oxine 
molecule itself or to trace element deficiency caused by complex formation 
in the medium. 
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Table 4. The effect on growth of varying amounts of oxine and Cu in shaking cultures. 
Dry weights in mg of duplicate flasks after 4 days on the shaking table. 


LEE ee EEE BE 
M additions of Cu?+ 


M additions of oxine 


0 3.2 10-7 | 1.6-10—6 | 7.9. 10-6 | 1.6.10—6 | 7.9. 10-5 
2 { 167 193 192 190 183 185 
177 184 187 176 193 190 
os { — 195 197 190 193 183 
= 195 196 172 185 178 
tote 2 _ 185 125 0 0 17 
2 = 138 162 0 0 18 
| ions { 178 144 0 0 0 0 
175 0 0 0 0 0 


d) The fungistatic and fungicidic action of oxine 


For the practical application of oxine inhibition it was of interest to know 
something about the degree of fungicidity of the substance. For that purpose, 
cells which had been in contact with oxine in different concentrations in 
shaking cultures for various length of time were subcultivated to the glucose- 
agar medium. These cultures were placed in 37° C for at least two days, 
when the results were recorded. —— As Cu increases the fungistatic action of 
oxine, the fungicidic action of simultaneous additions of Cu and oxine were 
also tested in some experiments. 

The results of these experiments have been summarized in Table 6. It is 
seen from the table that oxine sulphate does not produce immediate and 
total fungicidic effect on C. albicans in the same concentrations which give 
fungistasis. Thus a concentration of 3: 10? M oxine or oxine sulphate, bring- 
ing about complete fungistasis, did not give total fungicidity even in as long 
a contact time as 45 days. By increasing amounts of oxine the effect was 
somewhat increased. The addition of Cu somewhat enhances the fungicidic 
action of oxine (B: 20 days experimental period). A slightly increased effect 


Table 5. The action of added Cu-oxine-complex in comparison to that of oxine sulphate. 
Experimental period: 4 days. 0 = no growth, (+) = slight growth in unweighable amount. 
The figures represent dry weights in mg. 
mY 


M additions of 
Control oxine sulphate Cu-oxine-complex 
10-5 | 3.10 5-10—7 | 10-6 | 5-10-§ | 10-5 
| 
| 170 (+) | 0 | 168 (+) | 0 0 
169 (+) | 0 | 165 (+) 0 0 
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Figure 7. Oxygen uptake per unit of time (30 min.) in the basic medium and in glucose+ 

phosphate with or without added oxine sulphate (10 M). — 1. x— x: Basic medium. 

2. O—O: Basic medium-+oxine sulphate. 3. D—D: Glucose +phosphate. 4. A—£: Glucose+ 
phosphate+oxine sulphate. 


Table 6. The fungicidic action of oxine sulphate (+ Cu). Growth on glucose-agar after 

subcultivating from shaking cultures containing oxine sulphate (and Cu) in varying amo- 

unts. A. Additions of oxine sulphate (and Cu) at the beginning of the experiment. B. Addi- 

tions after one days growth. + = visible growth on glucose-agar after two days in 37° C. 
— = total absence of growth after two days in 37° C. 


| M additions of Subcultivated after days 
et AT RSS. . u a cs 

| oxine sulphate | Cu 4 | 45 
| 3:10—5 = a + 
5-10-6 | 8.105 | Le a 
A 10-4 = ar a 
In 10—4 8 +: 10—5 — — 
| 10—3 = + _ 
10-3 | 8-10—5 Br ee 


5 10 15 20 25 30 
LE i + + + + + + 

10-4 | 8.105 + + + + = = 

5- 10-4 — + + =) als ar = 

. 5-10-4 | 8-10-5 + + + — — = 
* 7.5:10— = + + AE ET à a 
7.5+-10-4 8-10 + + + | — — — 
10-3 — + + A0 PT = = 

10-3 | 8-10-35 + + + — — — 
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is noticed when Cu and oxine are added in equivalent amounts (e.g., A: 4 
days experimental period). 


e) Growth and inhibition in Warburg experiments 


From the above-mentioned examples it is evident that oxine exerts an 
_ inhibiting action on the growth of C. albicans. For further study of oxine 
action it was of interest to know whether this growth mhibition was also 
accompanied by an inhibition of respiration. 

A comparison of the oxygen uptake of a given amount of cells in glucose 
+ phosphate and in the basic medium for growth experiments revealed that 
the O, uptake in the latter was much greater than in glucose + phosphate. 
An ever increasing amount of O, taken up per unit of time (30 min.) was 
noticed, while the O, uptake in glucose+phosphate was constant during the 
whole experimental period of 6 hours (Figure 7, curves 1 and 3). This be- 
haviour seems to indicate cell multiplication in the basic medium during this 
relatively long experimental period. In a parallel experiment in which the 
same amount of cells were inoculated into flasks with the two substrates 
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and shaken on the shaking table for 6 hours at the same temperature this 
was also found to be the case. These cells were counted in a counting chamber 
at the beginning of the experiment and after 2, 4, and 6 hours. An increase to 
about three times the original number of cells was found in the basic medium, 
while only a slight increase was obtained in glucose + phosphate. As is seen 
from Figure 7 the O, uptake in the basic medium after 6 hours is about 
three times that in glucose + phosphate which is ascribed to the increased 
cell number during the experimental period. 

If oxine sulphate in a concentration of 10° M was added an inhibition of 
the O, uptake of 60—70 per cent was obtained in the basic medium, while 
only 20 per cent inhibition was observed in glucose + phosphate. The O, 
uptake per unit of time in the basic medium furnished with oxine sulphate 
was kept at a constant level and coincides roughly with the curve for O, 
uptake in glucose + phosphate (see curve 2, Figure 7). This seems to indi- 
cate clearly that oxine in this concentration has a strong growth-inhibiting 
effect while respiration is not markedly influenced. 

That a growth inhibition is exerted from 10° M oxine sulphate is further 
shown from Figure 8. Two different cell suspensions, the density of which 
was as 1 to 2, were added to the basic medium with or without oxine sulphate. 
It is evident from the figure that, firstly, the O, uptake is proportional to 
the cell density and, secondly, the O, uptake in the oxine experiments is kept 
constant at its original level indicating cell multiplication in the controls. 

If the oxine inhibition obtained in these Warburg experiments is studied 
further it is found that at a pH of 5.5 a concentration of 10-> M oxine sul- 
phate gives maximal inhibition (about 70 per cent). The dependence of 
growth inhibition on oxine concentration is seen in Figure 9. It was shown 
that an increased concentration to 10? M did not cause increased inhibition. 
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It is easily seen that this must be the case, as only growth and. not respiration 
is inhibited in these concentrations. This is also in agreement with the obser- 
vation that oxine action is fungistatic but not fungicidic in these concentra- 
tions and during this short time interval. 

In shaking cultures total growth inhibition was not obtained with 10-5 M 
oxine but with 3: 10° M. The fact that 10-5 M oxine gives maximal inhibi- 
tion in Warburg experiments depends on the fact that the Warburg experi- 
ment in its entirety falls in the lag phase of the corresponding shaking ex- 
periment where total inhibition still takes place. 

In Warburg as in shaking experiments increased activity of oxine is ob- 
tained if Cu is added to the medium. Thus maximal inhibition is reached at a 
lower concentration (about 10 $ M Cu-oxine-complex). The inhibition is 
somewhat higher than that obtained with oxine sulphate (Figure 9). It may 
be possible that respiration inhibition here occurs owing to the greater toxi- 
city of the Cu-oxine-complex. 


f) Oxine action and pH 

The following types of metal-oxine-complexes are formed with bivalent 
ions (e.g., Albert et al. 1953) and stand in equilibrium with each other, with 
the metal ions and with oxine in the solution: 


oe 
4 7 
ASS pion te 
NN 0 pere 
| 
+ = 
O — Met AA 
Se € dé 


I II 


As the complex formation occurs by substitution of a metal ion for a hydro- 

“gen ion, it is obvious that the pH of the medium markedly influences this 
formation and, as a consequence, the antimicrobial action of oxine. The 
stability of the complexes formed is further dependent on the metals concern- 
ed. Mellor and Maley (1947, 1948) have found the following order of decreas- 
ing stability of bivalent ions in metal compiexes: 


Pd > Cu > Ni > Pb > Co > Zn > Cd > Fe > Mn > Mg 


Further Irving and Williams (1948) determined the pH for 50 per cent pre- 
cipitation of metal complexes. It can be concluded, according to these authors, 
that e.g., Cu may be precipitated at a pH of 2.5 while all other metals remain 
in the solution. 

By studying oxine action at different pH values of the solution the use of 
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Table 7. The influence of pH on oxygen uptake. ul Oz taken up in duplicate Warburg flasks 
after 6 hours. 


pH 
2.9 | a7 | 4.9 | 5.7 | 6.8 | 7.3 
eS ee ee | 40 7 tee ce © 
152.0 166.1 130.0 | 147.5 | 155.8 | 162.5 
144.0 169.2 152.8 | 158.5 177.5 123.0 


the synthetic medium in shaking cultures was not very instructive because of 
the large variations in pH during growth (Figure 3). In Warburg experiments, 
however, it was found possible to keep pH constant during the whole experi- 
mental period (6 hours). That the pH alone does not considerably influence 
the uptake of oxygen within the pH range 2.9 to 7.3 is shown in Table 7. 

The inhibiting action of oxine,'on the other hand, showed a very marked 
dependence on the pH within the same pH range. The percentage inhibition 
of oxygen uptake at different pH and different oxine concentration in various 
experiments is shown in Figure 10. It is clear that the effect is diminished by 
decreasing pH. Thus the inhibiting action of 10~* M oxine sulphate at pH 5.5 
is abolished already at pH 4.5. At a concentration of 10 M the inhibiting 
action begins to diminish at pH 4.7 and at pH 3.6 it has totally disappeared. 
At a concentration of 10-? M oxine sulphate, on the other hand, the action is 
only slightly decreased by lowering pH and at pH 3.5 there is still about 70 
per cent inhibition. The most probable explanation of this behaviour is that, 
in spite of the low pH, the toxic component is present in such amounts that 
inhibition occurs, that is, the equilibrium represented by the schematic 
formula 

Me?* + 2 Ox = MeOx,, 


according to the law of mass action, is shifted to the right. 

If the Cu complex is used principally the same behaviour is noticed (Fi- 
gure 11). Owing to the greater stability of this complex inhibiting effect is still 
obtained at a pH about 3 and 10-5 M Cu complex. 


g) Reversal of oxine action by metals 


As mentioned earlier some metals have been reported to reverse oxine 
action. In experiments with C. albicans in shaking cultures the effect of addi- 
tions of different metals have been investigated. The following concentration 
ranges of metals have been used: 


LE 


STUDIES ON GROWTH AND INHIBITION CF CANDIDA ALBICANS 709 
400 400 


percent inhibition 
percent inhibition 


pH 


Figure 10. The inhibition by oxine sulphate as a function of pH at different additions of 
oxine sulphate. — X—X: 10-% M, 0—0: 10-5 M, 0—©: 10-3 M oxine sulphate. 


Figure 11. The inhibition by Cu-oxine-complex as à function of pH at different additions 
of Cu-oxine-complex. — X—X: 10-8 M, 0—0: 10-5 M Cu-oxine-complex. 


Zn?+2.8-10%—1.1:10- M 
Fe3t3.6- 10%—1.2: 10-4 
Mn?+ 3.6 - 10-7—9.1: 10 
Co2+ 1.7 - 10-°—3.2 - 10-4 
ONËt = 10-5— 5-10 
Cu2+ 3.2 - 10-7—3.2 - 10-4 


From these metals Zn, Fe, and Mn did not inhibit growth within the given 
concentration ranges, Co showed some inhibition at about 5-10-> M, while 
Ni was inhibitory only at 5 - 10—# M and Cu only in the highest concentration. 

The concentration of oxine used in these experiments was just inhibiting 
growth. On addition of the above-mentioned metals, Fe, Zn, and Ni did not 
effect oxine inhibition, Cu strengthened this action, and Mn and Co showed 
the ability of reversing the oxine action. The results of an experiment with 
Mn and Co are shown in Table 8. Co and Mn were used in concentrations 
four times the concentrations of oxine sulphate (in one case only twice this 
concentration). 

It is seen from the table that 3 : 10° M oxine sulphate gives total inhibition 
while initiating growth after 4 days is seen in 8:10 and 10 5 M. The Mn 
additions do not effect growth, while Co gives increasing inhibition from the 
concentration of 3.2 : 10-5 M. Mn as well as Co reverses oxine inhibition, 
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Table 8. Reversal of oxine action by Co and Mn in shaking cultures. Dry weights in mg 
of at least duplicate flasks after 4 days cultivation. 


M additions of metal ions M additions of oxine sulphate. 
Cor Mn?+ 0 8 :10—6 10-5 3: 10—5 
196 
185 0 1 0 
= 193 3 0 0 
194 
| 5. | 
2.10-5 = = = pe 
: 165 133 2 a 
= os = { 160 144 
| 129 136 + 
le = { 124 a 133 
108 ng 2 
1.2.10-4 = { He pP" : 
9.103 179 a 
a 219 ri psi 162 
ur 184 183 a m 
= ve ain { 185 172 
= 186 160 > 
2 sae { 184 Li 168 
189 0 
> A —4 == = 
1.2-10 { pe : 


although the effect of Mn seems to be somewhat greater than that of Co. 
Thus the oxine inhibition is completely abolished in a Mn concentration twice 
the oxine concentration which is not the case with Co. In both cases it is 
obvious that the action of an oxine concentration definitely inhibiting growth 
(3-10 M) is not influenced to the same degree as a somewhat smaller 
concentration. 

Reversal of oxine inhibition by Mn was also obtained although less pro- 
nounced when Cu-oxine-complex was used. 


h) The application of oxine inhibition in medical therapy 


The increasing number of cases of candidiasis in recent years has called 
forth a demand for substances preventing the overgrowth of C. albicans. 
In order to establish the universal effect of oxine on this fungus several other 
strains than the commonly used one (about 40 strains) isolated from human 
cases of candidiasis were tested in shaking cultures with the concentrations 
of oxine sulphate of 1075 and 3- 10 M. No strain so far has resisted 3 - 10-5 
M oxine sulphate. 


Repeated additions of serum proteins (10 per cent) did not markedly de- 
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crease the effect of oxine sulphate on the strain commonly used in these 
experiments. 

The in vivo effect of oxine sulphate combined with copper sulphate in an 
ointment base (this preparation was produced by AB. Pharmacia, Uppsala) 
on C. albicans in vaginitis is now under investigation by S. Sjöstedt, M.D., 
Department of Obstetrics and Gynecology, Lund. The results of this work 
will be published elsewhere. 


Discussion 


As indicated in the preliminary experiments on growth factors mentioned 
above biotin was the only growth factor tested which showed an enhancing 
effect on the growth of the strain of C. albicans used. The irace element 
requirements are more complex in nature. It may be pointed out that although 
only Fe, Zn, and Mn have shown any effect on growth in these experiments 
it is not excluded that even other elements may be essential and furnished in 
sufficient amounts by glassware etc. 

The growth and pH conditions obtained by culturing C. albicans in the 
synthetic medium are shown in Figure 3. As long as glucose was present and 
could be utilized by the fungus (i.e.. until a dry weight of about 150 mg was 
reached, Figure 5) the pH fell rather rapidly, after that point increasing again 
to its original value. — Now it has been shown by Gale (1943), in studying 
the amino acid uptake by bacteria, that the amino acids were attacked either 
by decarboxylation or by deamination. A pH of 3—5 is favourable for the 
decarboxylase activity, while deaminase activity is obtained only at an alka- 
line pH. A decarboxylation is accompanied by a pH increase, a deamination 
by the opposite effect. — In the case reported here the increase in dry weight 
after the glucose has been used up seems to be due to utilization of aspara- 
gine. The pH in the medium favours decarboxylation. A pH increase, how- 
ever, is obtained only after the acidifying effect of the glucose has disap- 
peared, that is, after 3—4 days when the glucose has been utilized. A further 
alkalization above pH 5.5 is prevented by the fact that the decarboxylase 
activity as well as the deaminase activity decrease in this range of pH and 
balance each other. 

If the same way of reasoning is applied to the experiment with the buffered 
medium (Figure 4) it seems evident that the decarboxylase activity as well 
as the deaminase activity are kept very low during the whole experimental 
period, owing to the pH conditions. The lower dry weights obtained here, 
therefore, seem to be due to the less complete utilization of asparagine. 

As mentioned in the introduction the search for an inhibiting agent was 
one of the most important purposes of this investigation. Table 3 summarizes 
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briefly the results of these more or less random investigations which were 
carried out throughout the course of this study. — Desthiobiotin, an anti- 
metabolite for certain biotin-requiring organisms (e.g., Goldberg et al. 1947), 
was shown to be utilized to the same degree as biotin itself by C. albicans. — 
Several auxins and related compounds with very pronounced effects on hig- 
her plants showed very weak inhibiting action on C. albicans, which may be 
ascribed to the lack of an auxin mechanism similar to that in higher plants. 
The same may be the cause for the slight effect of coumarin derivatives. — 
On the other hand, the effect of the quaternary ammonium compounds was 
rather marked. It is known, however, that a certain irritating effect on the 
skin accompanies the action of these substances. Beside that the activity is 
often diminished in the presence of serum proteins. — The inhibiting action 
of selenium compounds was not studied further although interesting theoreti- 
cal problems concerning competition between Se and S are offered here (see 
further e.g., Fels and Cheldelin 1949, Postgate 1949, 1952, Shrift 1954). 

The oxine inhibition — the most important inhibiting agent in this study 
— was found to be almost entirely fungistatic (Table 6). Albert et al. (1953), 
however, found that oxine showed rapid bactericidal action in the same con- 
centration which brought about bacteriostasis. On the other hand, Mason 
(1948) on investigating the oxine inhibition of germinating spores of Stem- 
phylium sarcinaeforme has reported that oxine sulphate killed the spores 
only in concentrations > 2.5-10~* M. In the case of C. albicans the results 
agree more with those obtained by Mason than with those of Albert et al. 
which may be due to the different organism material. 

The fungistatic activity of oxine also seems to agree with the fact that 
growth inhibition but not respiration inhibition was obtained at least when 
moderate amounts of oxine were used. This experience is further supported 
by the results obtained by other authors on different organisms. Thus Klöp- 
ping (1951) obtained respiration inhibition on Aspergillus niger and Penicil- 
lium italicum only by oxine concentrations > 3- 103 M. The same was found 
by Gottlieb and Davis (1948) in studying growth of Sclerotinia fructicola and 
by Gale (1949, 1951) who investigated glutamic acid assimilation in Staphy- 
lococcus aureus. 

As to the mode of action of oxine, the theory of trace element deficiency 
alone does not seem to be valid, since the same effect was obtained by adding 
pure metal complexes (Mason 1948, Sexton 1949, etc.). This is supported by 
the present investigation in which Cu-oxine-complex was used whereby an 
increased inhibition capacity was established. Owing to the greater stability 
of the Cu complex other metals are expected to be free in the solution and 
available for the organism. Furthermore, when the pH was lowered to 3.5 the 
fungus was still inhibited by Cu-oxine (Figure 11), while the inhibition ob- 
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tained by the same concentration of added oxine sulphate was abolished at 
this pH (Figure 10). This behaviour indicates clearly not only the greater 
stability of the Cu complex but also the fact that the complex itself is prima- 
rily responsible for the toxic action of oxine. The oxine molecule itself seems 
to be nontoxic as indicated by Rubbo et al. (1950). A decreased toxicity was 
noticed also in these experiments when oxine was added in excess in relation 
to Cu which indicates a lower toxicity of the oxine molecule itself than of the 
oxine complexes, provided that both molecules are taken up by the cell at the 
same rate. 

The investigations made by Albert et al. (1953, 1954) seem to prove that 
this toxic effect of oxine complexes is exerted within the cell. These authors 
showed that only chelating properties parallel to a relatively high partition 
coefficient between oil and water (lipophilic character) assured antibacterial 
action. According to Albert et al. the saturated oxine complex (II, p. 707) is 
lipoid-soluble but nontoxic, while the unsaturated complex (I) is lipoid-inso- 
luble and toxic. In order to be able to exert its toxic action this latter com- 
plex must, however, enter the cell. This is accomplished by the entrance of 
the saturated complex into the cell where it, according to the law of mass 
action, gives rise to a certain amount of the toxic component if suitable con- 
ditions between metal and oxine are present there. The unsaturated and 
charged complex then exerts its action by oxidizing a -SH-system, which 
reaction is catalyzed by the presence of Fe- and Cu-complexes, thus distur- 
bing the cell division mechanism. 

The results obtained here are in agreement with those of Albert et al. in 
so far as a sulphonic acid derivative of oxine does not inhibit growth, indi- 
cating a lowering of the lipophilic character of the molecule (Table 3). 
Furthermore, excess of Cu in relation to oxine as well as excess of oxine in 
relation to Cu shows less inhibition than if equivalent amounts were used. 
(Tables 4 and 6). This seems to indicate a decrease of the toxic component 
-in the cell in favour of the relatively nontoxic one. The possibility that also 
the saturated complex exerts any toxic action, however, does not seem to be 
quite excluded. A hypothesis of Erlenmeyer et al. (1953) concerning the 
action of complex-Cu as distinguished from that of free Cu ions here furni- 
shes a plausible explanation of some of the effects found. Erlenmeyer’s hypo- 
thesis aims at an alteration of the ionic conditions in such a direction that 
a competitive antagonism between Cu in a complex and an enzyme metal was 
possible. This hypothesis was further supported by the results of Vajda and 
Nögrädi (1954), showing a competitive antagonism between enzyme Co and 
complex Cu. 

As suggested by Albert et al. oxine interferes with a -SH-system of the 
cell. The cell division mechanism in yeast, according to Nickerson and van 
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Rij (1949), is regulated by the amount of -SH-groups. A maintenance of a 
high proportion of -SH-groups promotes cell division. The addition of Co 
in subinhibiting concentrations influences this mechanism in favour of 
mycelial production, that is, the equilibrium -SH-Z-S-S- is shifted to the 
right. Such a Co effect on the cell division mechanism seems to be valid for 
yeasts as well as for bacteria. 

The general tendency of Co to counteract oxine action as reported in litera- 
ture seems to be connected with this cell division mechanism. (The speci- 
ficity of Co action is here striking: Ni, having similar chemical and stability 
conditions, did not show this reversing effect on oxine action.) In this con- 
nection, it is characteristic that Co is reported to counteract oxine action in 
the cases where bacteria are used as experimental material as well as in this 
investigation on the yeast phase of C. albicans, while a similar Co effect was 
not obtained for Aspergillus niger (Anderson and Swaby, 1951), where a 
cell division mechanism of the kind present in bacteria and yeast is lacking. 

Beside Co, Mn has been shown here to reverse oxine action. This Mn action 
seems to be even more pronounced than the corresponding Co effect. Mn 
effect of this kind has earlier been reported only by Gale (1949). Even Co 
had this effect, although to a lesser degree, as well as Fe and Mg. According 
to Gale the connection between oxine and the bacterial receptor must be of 
the same strength as the forces in the Mg complex, as even Mg is able to bring 
about a neutralizing effect. As Mn, the complex stability of which is closely 
related to that of Mg, had greater effect than other metals it seemed possible 
that it had some function in the glutamic acid assimilation. This was also 
shown to be the case, at least in growing cells. The ability of Mn to counter- 
act oxine action, therefore, seems to be due to its co-operation in the amino 
acid assimilation. 

In the medium used here asparagine was added as a source of nitrogen. 
It is not excluded that a parallel to Gale’s Mn action in glutamic acid assimi- 
lation is presented here. While Co antagonism may be explained on stability 
reasons, this explanation for Mn action is not very probable, because the 
stability of Mn-oxine is much less than that of Co-oxine, although its anta- 
gonistic effect is greater than that of Co. This theory is further supported 
by the fact that a certain counteraction of Cu-oxine is obtained by Mn. 

From the discussion presented above it thus seems possible that Co and Mn 
action on oxine inhibition acts on different processes. The possibility of Co 
and Mn compensating for each other in a certain enzyme system, however, 
may not be overlooked (cf. Starkey, 1955). 

Further research on oxine inhibition and its counteraction by metals on 
the yeast phase as well as on the mycelial phase of C. albicans is needed to 
give more information about the problems concerned here. 
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Summary 


The growth of the yeast phase of C. albicans in a synthetic glucose-aspara- 
gine medium has been studied. For the purpose of obtaining a homogeneous 
inoculation material the fungus was cultured in a so-called chemostat of 
the type described by Novick and Szilard (1950). Growth and inhibition 
experiments inoculated with the homogeneous cells thus obtained were than 
performed in shaking cultures as well as in Warburg experiments. 

Growth and pH conditions in the synthetic medium are discussed in rela- 
tion to the components of the medium. 

The inhibiting action of about 35 different substances, most of which 
showed negligible activity, is presented. The action of 8-hydroxyquinoline 
(oxine), which was more pronounced, was studied more in detail. 

Oxine totally inhibits growth in shaking cultures in a concentration of 
3:10 5 M. The increased inhibition by addition of Cu earlier established 
was confirmed, especially by studying the effect of pure Cu-oxine-complex 
parallel to that of oxine. 

Oxine action (as well as Cu-oxine action) is found to be fungistatic rather 
than fungicidic in moderate concentrations in these experiments. 

As oxine action is highly dependent on the pH, showing diminished effect 
with decreasing pH, the conditions in the Warburg experiments, where the 
pH was kept constant during the experimental period of 6 hours, permitted 
a more careful study of the inhibiting action of oxine on growth and its 
relation to pH than was possible in shaking cultures. The action was found 
to be almost entirely growth inhibition, respiration not being affected at 
moderate concentrations. This behaviour was found to agree with its fungi- 
static action. 

Oxine action was found in these experiments to be counteracted by addi- 
_ tions of Co and Mn. An attempt to explain this behaviour is presented in rela- 
tion to results earlier obtained in this field. 

The application of oxine action in vivo in order to prevent overgrowth of 
C. albicans in vaginitis is under investigation. The results seem to be pro- 
mising. 

The author is indebted to Professor H. Burström at this institute and to Dr. G. 
Fähraeus, Institute of Microbiology, Royal Agricultural College, Uppsala, for valu- 
able advice and encouraging discussions. Sincere thanks are also due to A. Nordén, 
M.D., Medical Clinic, Lund, for suggesting the problem and providing the organism, 
and to Dr. N. Fries, Institute of Physiological Botany, Uppsala, for valuable help 
and suggestions for the use of the chemostat. 
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Preface 


Since 1927, when Tisdale and Williams patented the use of dithiocarba- 
mates as fungi- and insecticides, this group of organic compounds has 
played a very important role in the fight against plant diseases in agriculture, 
as well as against harmful fungi in industry. A large number of different 
derivatives are sold under various trade names, and new types are still 
frequently patented. 

The compounds are characterized by their high toxicity towards fungi 
even in minute concentrations, while most of them are comparatively harm- 
less to plants (Goldsworthy, Green and Smith, 1943) and warm-blooded ani- 
mals (Brieger and Hodes, 1949; Lehman, 1950). The manner in which they 
exert their fungicidal efect has, however, been virtually unknown, although 
several theories have been put forward. 

Due to the large number of dithiocarbamyl derivatives described, it has 
been found necessary to concentrate the present investigations on one of the 
main types, viz. the secondary monoaminoderivatives, with the characteristic 
group: R S 


Of these, the dimethylamine derivatives have been most thoroughly studied, 
while the unsubstituted dithiocarbamate, and the diethyl and dipropyl deri- 
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vatives have been brought in for comparison when it has been of interest. 
The types of derivatives which have been studied are the sodium salt, the 
zinc and cupric complexes of the dithiocarbamic acids, the thiuram disulfi- 
des, and the thiuram monosulfides. For these compounds, the following abb- 
reviation system has been worked out, partly in agreement with earlier lit- 
erature (e.g. Horsfall, 1945): 


Na-DT: Sodium dithiocarbamate 
Na-DMDT: Sodium dimethyldithiocarbamate 
Zn-DEDT: Zine diethyldithiocarbamate 
Cu-DPDT: Cupric dipropyldithiocarbamate 


TMTD: Tetramethyl thiuramdisulfide 
TMTM: Tetramethyl thiurammonosulfide 
etc. 


Otherwise, abbreviations common in biochemical literature have been used. 


Test Organism. In investigations emerging from a practical problem, it is 
natural and also correct to use an organism which is of practical importance 
— in this case, an organism which is harmful and which has been success- 
fully attacked by the group of fungicides to be studied. A number of orga- 
nisms have been used in earlier work, both plant parasites and harmful 
saprophytes. In the present work, it was first intended to use Aspergillus 
niger as the test organism. However, acid-producing organisms were soon 
found not to be convenient in these investigations, due to the instability of 
dithiocarbamates in acid solution. If Aspergillus niger were to be used regard- 
less, the major problem in the whole investigation probably would have been 
to make a perfect buffering system for the culture solutions, not allowing 
pH to fall below 6. As this would seem somewhat futile, the possibility of 
selecting one or more other test organisms was considered. Of the various 
fungi (their practical importance left aside), the yeasts could be considered 
“ideal as test organisms, for a number of reasons. They are moderate or low 
acid producers, and the growth can be followed easily by photometric 
methods, or by counting. A yeast suspension is also from a physiological 
point of view much more satisfactory to work with than a mycelial mat, or 
submerged pellets of mycelium. Saccharomyces cerevisiae (baker's yeast) 
was thus selected as the iest organism. By purchasing it in the fresh state, 
the problem of maintaining a sufficient quantity of physiologically well 
defined test material could easily be solved. As perhaps the most important 
factor, the large amount of knowledge regarding the physiology and bio- 
chemistry of baker's yeast must be considered. The cytological knowledge 


is more scanty. 
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As a member of the large and heterogeneous group of organisms making 
up the fungi, it is probably as representative as any other single member. 

The baker’s yeast used was purchased from A/S De Norske Gjær- og Sprit- 
fabrikker, Oslo. By microscopic examination we found that it contained a 
small amount of bacteria and of Oospora lactis, probably negligible for the 
investigations carried out in this work. 

During the period of investigation when yeast was used (April 1954— 
March 1955) the same strain of yeast (from a single cell isolate) was used 
by the factory for propagation and production of yeast. 


I. The Chemistry of the Dithiocarbamyl Compounds 


The dithiocarbamates are derived from the carbamates by replacing the 
two oxygen atoms with sulfur. They are easily prepared by adding ammo- 
nia or an amine to carbon disulfide in alcohol (Delépine, 1908): 


CS, +NHR,R, + OH-—SC(S-) NR,R,+H,O 


The free dithiocarbamic acids are unstable. The alkali and earth alkali salts are 
easily soluble in water, with alkaline reaction. Na-DMDT crystallizes well, with 3 
moles of water. The crystal water is partly lost by standing or heating, and the 
compound then also undergoes partial decomposition. 

The dissociation constant for H-DEDT is by Gregg and Tyler (1950) calculated 
to be 2.9-10—® in 60 per cent ethanol at 25° C (from polarographic data). 

The heavy metal compounds of the dithiocarbamic acids are coloured (except for 
the Zn compounds), and sparingly soluble in water, but more soluble in nonpolar 
solvents like chloroform and benzene. 

The dithiocarbamates are easily oxidized to the corresponding thiuram disulfides 
(bis[thiocarbamyl]disulfides) (Braun, 1902), i.e., by alcoholic iodine, persulfate or 
tetrathionate: 


Re eta RR c mE R 
N / IR KL NN "à 
N 207 ER EN OBERE TS POINT 20 
/ or WR \ i \ / 
R See ER es Ba 


The thiuram disulfides are sparingly soluble in water and alcohol, but easily soluble 
in nonpolar solvents. They crystallize well, and are fairly stable. TMTD melts with 
some decomposition at 146° C; it is practically colourless. 

By treatment of the thiuram disulfides with an excess of KCN in warm alcohol, 
one atom of sulfur is split off, and the corresponding thiuram monosulfide is formed 
(Braun and Stechele, 1903): 


| S se LR R Sc R 

\ x KEN 
N—C CN +KCN—+ NC CN +Kens 
R ses R R Ss FR 


TMTM is yellow, more easily soluble than TMTD, crystallizes well and melts at 
106° C. 
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Structurally, all these compounds are interesting. The dithiocarbamate ion must 
be supposed to resonate between the structures: | 


RR Haar RAMER 
N 7 \t/ 
M EC UN EE 
ESS N 2! Y- 


This is probably the reason why the compound is far more stable as ion than as 
free acid, where the resonance possibilities are considerably reduced. Many structures 
have been proposed for the heavy metal complexes. Koch (1949) has studied the 
absorption spectra of the compounds. He stated that the UV-spectrum of Zn-DEDT 
was characteristically different from that of Na-DEDT. While Na-DEDT is a typic- 
ally ionized compound, Zn-DEDT contains covalent bondings, and he supposed a 
hybridisation between two symmetrical structures: 


See's S S 
PUIG JA CaS 
eNO en DENNOCH, SCHEN EC. Zum CN. (CI 
TR Naf TNA 
UT S S 
Seams 
feed 
Sta No Zn Oe NICH), 
Srey 
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This is in accordance with modern conceptions, according to which these complexes 
are metal chelates, with the dithiocarbamyl groups as bidentate, resonating ligands, 
the resonance being between the two sulfur atoms. Both Cu(II) and Zn have normally 
the coordination number of four, but the Cu chelates are of the square type, while 
the Zn chelates are tetrahedral. As there should be no steric hindrances or other 
objections against a normal configuration in this case (the valence angle for sulfur 
may be a bit abnormal), it can be assumed that, for example, in Cu-DMDT the 
sulfur atoms are lying in a square, while in Zn-DMDT they make out the corners 
of a tetrahedron (cf. Martell and Calvin, 1952). 

Koch (1949) also discussed the structure of TMTD by means of the absorption 
spectrum. It had no similarity with the spectrum of methyl dimethyldithiocarbamate, 
which could be believed to contain the »half-chromophor». The reason for this 
“ must lie in particular resonance conditions within the molecule. He gave the follow- 
ing possibility: 


Ses gas 
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There can be no doubt regarding the normal, straight-chained nature of the di- 
sulfide bridge in TMTD. This is in accordance with the method of synthesis (oxida- 
tive coupling of two SH-groups). However, a dissociation of the molecule in free 
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radicals could be possible. These radicals could be well stabilized by resonance. The 
idea of dissociation is in agreement with the opinion of Bergem (1948). 

Craig et al (1950), (1951) have, however, found that the molecular weight of 
TMTD in benzene at infinite dilution is 235, and in 5.4 per cent solution 257 +2 
(theoretically, the molecular weight is 240,41). This, they state, should rather point 
in favour of association. They also prepared labeled TMTD by means of TMTM and 
isotope sulfur, and found that all sulfur atoms in TMTD are equivalent. The prob- 
able structure proposed by them was a hybridization between the same ground struc- 
tures as given by Koch, and resulting in a planar ring formation. 

On being heated, TMTD forms carbon disulfide, elementary sulfur and tetra- 
methyl thiourea. This rather peculiar reaction was explained by Koch (1949) as 
being due to a transfer of a single electronpair from one dimethyl dithiocarbamyl 
group to the other in a cyclic process. One has then to assume that the ring with four 
sulfur atoms is broken, and that the molecule can rotate round the C—S bonds, 
so that the nitrogen atom from one dithiocarbamyl group can come close to the 
sulfur atoms from the other. Koch stated, however, that this explanation cannot 
account for the surprisingly featureless spectrum, which only contains an inflection 
point around 2800 Ä. 

TMTM was also studied by Koch. This compound has a strong and broad absorp- 
tion band around 2700 Ä, stretching into the visible region. By careful consideration 
of the spectrum, he concluded that in TMTM there must be a coplanar configuration 
_ of the two =NC=S groups, with an energy barrier prohibiting free rotation around 
the central sulfur atom. Three steroisomers could then be expected: 

Ss N(CH,), S S N(CH), 
(CH), N—C C-N(CH,, s=¢ C—N(CH,), (CH,), N—C G=S 
N g- eZ 


However, only one stable modification of TMTM is known. It would perhaps 
not be far-fetched to believe ‘hat this is a resonance hybrid with a planar five-mem- 
bered ring. 

Yamada and Mizuno (1941 a and b) have determined the crystal structure of 
TMTD and TMTM by x-ray analysis. Both belong to the monocline holohedral class 
Con-2/m. Both have four molecules per single cell. The symmetry conditions indi- 
cated a valence angle of the S atoms different from 180°. | 


Il. Earlier Investigations Regarding the Physiological Effects of 
the Dithiocarbamyl Compounds 


As already mentioned, the discovery of the fungicidal effect of the dithio- 
carbamates was made in 1927. Since then, a vast amount of work has been 
published regarding biocidal studies and practical applications of the various 
members of this group of compounds. In this review, papers dealing with 
the practical problem of controlling harmful fungi in agriculture or industry 
have been omitted, insofar as they do not report observations from which 
conclusions of physiological interest may be drawn. On the other hand, the 
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effects of the dithiocarbamyl compounds on other organisms than fungi 
have been reviewed, as it is felt that from the findings, e.g. of the effects 
of Antabuse on animal enzyme systems, important general conclusions may 
be drawn. 

Zn-DMDT and TMTD had for some time been used at vulcanisation acce- 
lerators when their fungicidal and insecticidal value was discovered, and 
early workers compared the effect of various compounds as vulcanisation 
accelerators and as fungicides (Marsh, 1938, Dimond and Horsfall, 1943). 
General reviews about dithiocarbamates as fungicides have been written by 
McCallan (1946), Tisdale and Flenner (1951), and recently by van der Kerk 
(1953). | 

Tisdale and Flenner (1942) studied the effect of several thiuram sulfides 
and dithiocarbamates on Ustilago hordei, Fomes annosus, Aspergillus niger 
and Trichophyton sp. A wide range of toxicity of the different compounds 
was found; generally, the more soluble compounds were the more toxic. 
Tisdale and Flenner studied the insecticidal effect of TMTD against the 
Japanese beetle, and observed that it was due to a paralysis of the forelegs 
and mouth parts of the insects. 

A hypothesis to explain the effect of dithiocarbamates was put forward by 
Parker Rhodes (1943), who suggested that the effect might be due to the 
splitting of the compounds into simpler substances, such as carbon disulfide 
and secondary amines. This hypothesis is not satisfactory, as all decomposi- 
tion products are considerably less toxic than the dithiocarbamyl compounds 
themselves (McCallan, Miller and Weed, 1952, Palmer, Greenlee and Baldwin, 
1952). 

In recent years, it has been believed that the fungicidal effect must be 
connected with the ability to form heavy metal complexes. Thus, the toxic 
action should primarily be due to a deprival of copper ions from the fungus. 
In accordance with this idea, originating from Horsfall (1945), van Raalte 
(1952) found that the fungistatic effect of Na-DMDT on Fusarium coeruleum 
and Aspergillus niger was counteracted by cupric ions, and that the anta- 
gonistic effect had its maximum when the amount of copper sulfate added 
corresponded stoichiometrically to the amount of Na-DMDT. Lees (1948) 
found that Na-DEDT reduced nitrification in soil, and he explained this as 
being due to a binding of the copper in the soil, rendering it deficient in that 
metal. The inhibition was reversed by addition of Cu, and partly by Mn salts. 
Other investigators have, however, found that even Cu-DMDT is toxic in 
some instances, (Goldsworthy, Green and Smith, 1943). 

Liebermeister (1950 a and b) studied the effect of sulfur-containing chemo- 
therapeutical compounds on bacteria, and stated that the effect of copper- 
binding compounds is not due to the removal of copper, but to the establish- 
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ment of copper complexes. Schrauffstatter (1950) was not able to find a 
general and definite connection between complexing ability and antibacterial 
effect. Hagelloch and Liebermeister (1951) found that the majority of a large 
number of compounds with the group :NC(:S)- with complex- -forming abili- 
ties, had antibacterial effect. Sorkin, Roth and Erlenmeyer (1952) found 
that addition of copper to tuberculostatic compounds increased their toxicity 
towards bacteria up to ten times in vitro, due to formation of copper com- 
plexes. Also, Jeney et al (1954) stated that there is a distinct relation between 
chelate forming ability and bacteriostatic effect. 

Enzymatic investigations have shown that Na-DEDT inhibits coppercon- 
taining enzymes like catechol oxidase (tyrosinase), laccase and ascorbic acid 
dehydrogenase (Kubowitz, 1937, Keilin and Mann, 1939, Stotz, Harrer and 
King, 1937, Rothchild and MacVicar, 1949). It is supposed that the inhibition 
is due to the removal of copper from the prosthetic group of the enzyme. 

Na-DEDT is also stated to inhibit alkaline phosphatase (Roche, 1950). 
This enzyme is activated by magnesium and other bivalent cations, e.g. zinc, 
and it is also inhibited by other chelating agents like Versene (ethylene dia- 
mine tetraacetic acid) (Freimann, 1953). 

The dithiocarbamates inhibit only weakly cytochrome oxidase (James and 
Garton, 1952). 

Klöpping (1951) has studied the effect of Na-DMDT, Na-DEDT and a 
number of other compounds on the oxygen uptake by mycelia of Asper- 
gillus niger and Penicillium italicum. He found an effect on oxygen con- 
sumption only in concentrations which far exceeded those that completely 
inhibited the growth. This is the fact even though mycelium is more resistant 
towards the dithiocarbamyl compounds than the spores (Sijpesteijn and van 
der Kerk, 1952), with which the comparative growth experiments were made. 

Weed et al (1953) have studied the fungitoxicity of Ferbam (Fe-DMDT). 
By labeling with S*, they found that Ferbam easily gave off a volatile com- 
pound, identified as carbon disulfide, and thus substantiating the earlier 
findings by Cox, Sisler and Spurr (1951), and Lopatecki and Newton (1952). 
The carbon disulfide was absorbed by higher plants, which could utilize 
the sulfur of the compound. The decomposition of Ferbam was accelerated 
by sulfhydryl compounds. Of these, glutathione (GSH) and cysteine were 
shown to reverse the effect of Ferbam, as spores of Neurospora sitophila and 
Monilinia fructicola immersed in a Ferbam solution for some minutes were 
completely inhibited when transferred to water, whereas they recovered to 
some extent when transferred to a solution containing a small amount of 
glutathione or cysteine. Believing that the effect of Ferbam may be connected 
with the sulfhydryl balance in the protoplasm, Weed et al tried the effect of 
Ferbam on urease, as representative of the SH- enzymes. At a Ferbam con- 
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centration of 2.5 : 10°? mg/ml, urease was partially inhibited at a concentra- 
tion of 4: 10° mg/ml, and completely at 4: 10-7 mg/ml. 

Bodine and Fitzgerald (1948) have studied the effect of Na-DMDT on the 
oxygen uptake by the embryo of the grasshopper, Melanoplus differentialis, 
and found that low concentrations stimulated, and high concentrations first 
inhibited, then markedly stimulated the respiration. The effect of copper salts 
was strongly counteracted by Na-DMDT, They also (Bodine and Fitzgerald, 
1949) treated embryoes of Melanoplus differentialis with Na-DMDT, where- 
after they homogenized and extracted with iso-amyl alcohol. The extinction 
curve showed the presence of Cu-DMDT in the extract. The same authors 
also remark that carbon disulfide is liberated from Na-DMDT by dilution. 

Analysis of plants sprayed with Fermate (=Ferbam, Fe-DMDT) or Zer- 
late (Zn-DMDT) shows changes in the chemical composition. This indicates 
that also in higher plants these substances influence the metabolism. Thus 
Mustard and Lynch (1945) have found that mangoes (Mangifera mango), 
sprayed with Fermate against anthracnose, contained significantly more 
ascorbic acid than unsprayed fruits. 

Fults et al (1951) found that the amount of glutamic acid in sugar beets 
increased after they were sprayed with Zn-DMDT, and in a later work 
Blouch, Payne and Fults (1952) have studied the effect of Zn-DMDT on the 
amino acid content of the leaves of sugar beets. They found that the glutamic 
acid content decreased considerably, whereas glutamine increased. The amount 
of valine and leucine also increased. Tyrosine, which could not be demonst- 
rated on the controls, gave weak spots in the treated samples. The authors 
concluded that treatments with Zerlate induces a metabolic shift, which 
among other things, results in a decrease in the glutamic content of the leaves, 
and an increase in the roots of the sugar beets. 

Andreva and Zubkovich (1950) found a drop in photochemical activity 
following addition of Na-DEDT to isolated chloroplasts. The finding is later 

confirmed (Andreva and Zubkovich, 1953), and they stated that hydroxyla- 
| mine, sodium azide and Na-DEDT, but not iodoacetate and fluorides, affected 
the photochemical activity of the chloroplasts. Arnon and Whatley (1954) 
have recently published an investigation regarding the metabolism of isolated 
particles from photosynthetic tissues. They found that an oxidation of oxa- 
late occurred in suspensions of such particles. Na-DEDT inhibited relatively 
weakly the oxygen uptake, but quite strongly the carbon dioxide evolution. 

While dealing with plants, the studies of phosphate uptake by young wheat 
plants in the presence of Na-DEDT made by Butler (1953) should be men- 
tioned. His experiments show that Na-DEDT inhibits the phosphate uptake 
in the same manner as respiratory poisons like KCN or phosphorylating poi- 
sons like 2,4-dinitrophenol (DNP). The concentration used by him, one milli- 
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mole per liter, will inhibit copper oxidase completely, and even cytochrome 
oxidase slightly — if a similar concentration is obtained within the cell. The 
concentration is too high for the results to have a direct bearing on the pos- 
sible fungicidal mechanism of Na-DEDT. Butler noted that Na-DEDT colour- 
ed the root cells brown. This is certainly due to formation of Cu-DEDT. 

The manner in which TMTD and TMTM inhibit the growth of fungi has 
been virtually unknown. It has been suggested that TMTD could be reduced 
to DMDT ions, which in their turn could act as copper binders, but as TMTD 
is toxic at lower concentrations than Na-DMDT, the theory has not been con- 
sidered satisfactory. Furthermore, Manten, Klöpping and van der Kerk (1951) 
have found that the fungicidal effect of TMTD was not counteracted by heavy 
metal salts. 

TETD (Antabuse, Aversan) has aroused interest in medical circles, as it 
has been found to make the human organism sensitive toward alcohol (Hald, 
Jacobsen and Larsen, 1948, Hald and Jacobsen, 1948 b). Because of this 
it has been the object of a number of clinical and biochemical investigations. 
It may be considered as proven that it inhibits the aldehyde-oxidizing systems 
in the liver (Hald and Jacobsen, 1948 a, Larsen, Jacobsen and Hald, 1949, 
Newman, 1950, Newman and Petzold, 1951). There is, however, some lack 
of clarity regarding these enzyme systems. According to Schlenck (1951 a), 
there is one aldehyde dehydragenase (aldehyde oxidase) which needs DPN 
(coenzyme 1) as coenzyme, but there are also one or two flavoproteins which 
have similar activity. These (xanthine oxidase and aldehyde oxidase) do not 
need DPN. Whether these really are two separate enzymes, or only one, 
remains unclear (Theorell, 1951). In addition, phosphoglycerol aldehyde de- 
hydrogenase may also oxidize acetaldehyde. Which enzyme it is that oxidizes 
acetaldehyde in vivo is not known with certainty, although most evidence 
is in favour of the DPN enzyme. 

Graham (1951) studied the inhibition of liver aldehyde dehydrogenase 
(Racker’s dehydrogenase) by TETD in detail, and the results shall briefly be 
referred to here. Generally, TETD lowers the dehydrogenase-activity in ho- 
mogenized rat liver, but aldehyde dehydrogenase was by far the most sensi- 
tive. The effect on this enzyme was largely reversed by GSH. TETD acted 
like a competitive inhibitor, competing with DPN for the active centers in 
the enzyme. The inhibition was 50 per cent when the dilution of TETD was 
2-10’, and the concentration of DPN was 1.5: 105 M. The affinity of the 
enzyme for TETD was about 50 times its affinity for GSH, and 350 times 
its affinity for acetaldehyde. The inhibition could thus be counteracted by 
low concentrations of GSH, and, it was found, also by relatively high con- 
centrations of ascorbic acid. 


Nygaard and Sumner (1952) found in a comparison of D-glyceraldehyde 
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-3-phosphate dehydrogenase and liver aldehyde dehydrogenase that also the 
first mentioned enzyme was inhibited by TETD. The mechanism of inhibition 
was, however, found by them to be somewhat different from that found by 
Graham with aldehyde dehydrogenase, as the competition was with acetal- 
dehyde rather than with DPN. The apparent dissociation constant was found 
to be 5-10 6 M. The action of TETD was also found by them to be reversed 
by GSH. 

In connection with this, Johnston (1953) pointed out that GSH reduces 
TETD to DEDT ions, and that the counteracting effect of GSH on TETD 
may simply be due to this. It should, however, not be forgotten that many 
of the aldehyde-oxidizing enzymes need GSH or cysteine as a cofactor. 

Other workers (Eldjarn, 1949, 1950 a and b, Johnston and Pricket 1952) 
have found that TETD also in the organism is reduced, so that finally carbon 
disulfide is formed. The connection between this reaction and the Antabuse 
effect has been discussed. 

Kjeldgaard (1949) has found that TETD did not inhibit xanthine oxidase 
from milk, nor animal glucose oxidase (which is another enzyme than the 
fungal glucose. oxidase), triose phosphate dehydrogenase (the findings of 
Nygaard and Sumner just referred to contradicted this), and liver alcohol 
dehydrogenase. Kjeldgaard found that after reduction of the disulfide to 
sulfhydryl (to DEDT ions), no inhibition of aldehyde dehydrogenase occurr- 
ed at concentrations below 250 ppm. He also considered the inhibition as 
competetive. 

Richert, Vanderlinde and Westerfeld (1950) agree that TETD does not in- 
hibit xanthine oxidase from milk. According to them, liver xanthine oxidase 
(liver aldehyde oxidase) consists of two enzymes, one with dehydrogenase 
activity, and one with oxidase activity. The first of these is inhibited by 
TETD, but not the second. They found further that succinic oxidase was 
inhibited by TETD. D-amino acid oxidase was not inhibited. Keilin and Har- 
trec (1940) had earlier found a strong inhibition of succinic oxidase by TETD 
and tetrathionate (among other SH-combining compounds). The inhibition 
was not due to the formation of an easily reversible compound, and the 
compound formed did not dissociate on subsequent dilution. 

In a later work, Richert and Westerfeld (1951) stated that xanthine oxidase 
was inhibited 40—100 per cent by Antabuse, but that the inhibition was 
counteracted by methylene blue. 

David (1951) found that the oxygen consumption, the anaerobic glycolysis 
and the dehydrogenase activity of yeast were considerably reduced by ESEL 
The concentration of TETD used, 1000 ppm., was, however, about a hundred- 
fold that causing somplete inhibition of the growth of fungi. 

Because much of the work on animal and plant enzyme systems has been 
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done with the ethyl derivatives, it is important to note the investigations by 
Kirchheim (1951), which show that TMTD is a more potent inhibitor on the 
aldehyde-oxidizing system in animals than is TETD. The reason why TETD 
is chosen, is that it has a less general toxicity. 

Dale (1953) found that the esterase activity in the liver of patients treated 
with Antabuse fell to a very low value, while the catalase activity was un- 
changed. Edwards (1949) reported that the oxygen consumption of rat liver 
homogenates was inhibited to about 85 per cent by TETD. 

Antabuse also affects the thyroid activity, possibly due to inhibition of thy- 
roxine synthesis. Wase and Christensen (1954) supposed that the ‘inhibition 
was due to the formation of a complex between TETD and iodine. They 
studied the formation of such a complex in vitro, and found it to have an 
absorption maximum at 3600 Ä. Earlier, Ambrus, Ambrus and Harrison 
(1951) had found Na-DEDT also to possess antithyroid activity, and they 
ascribed it to the copper-binding properties of the compound. 

Returning now to microorganisms, it should first be mentioned that with 
thiuram disulfides, as with the monosulfides, the oxygen consumption is 
only affected at concentration far above those inhibiting the growth com- 
pletely (Klöpping, 1951). Sisler and Cox (1954) found that the respiration 
of conidia of Fusarium roseum in the presence of glucose was inhibited by 
TMTD in concentrations of 10”? M or more. (Growth inhibition is caused by 
10° to 10? M.) TMTD was decomposed by the fungal cells into a volatile 
toxicant which was probably carbon disulfide. Balestrieri (1952) found that 
Antabuse (TETD) inhibited the gram-positive Staphylococcus aureus at con- 
centrations below 0.1 ppm (0.4 umoles per liter), whereas the gram-negative 
Echerichia coli required a concentration 150 times as high. He stated that the 
inhibition was mediated by an inhibition of respiration, which was produced 
immediately. Combination of TETD with penicillin was found to increase the 
potency of both agents. According to his findings, the mechanism of action 
has to be somewhat different on bacteria and on fungi. 

Finally, it might be mentioned that both Na-DEDT and TETD have been 
found to have anti-oxidant properties (Sandell, 1950, Tollenaar, 1951). 

Regarding the thiuram monosulfides, no theories about the mechanism of 
action have been found in the literature, except that of the Dutch group, 
(Klöpping and van der Kerk, 1951, Klöpping, 1951, van der Kerk and Klöp- 
ping, 1952, van der Kerk, 1953), which ascribes the action of all dithiocarba- 
myl compounds to a special molecular configuration (see later). This con- 
figuration should also be found in TMTM. 

There is a remarkable similarity of antifungal action among the different 
dithiocarbamyl derivatives. Manten, Klöpping and van der Kerk (1950) and 
Klöpping (1951) have compared the action of a large number of compounds 
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on fungi, and classified them according to their fungal »spectrum». 
Na-DMDT, TMTD and TMTM (together with the corresponding ethyl com- 
pounds) are placed by them in group No. 1, which is characterized by the 
fact that Botrytis cinerea and Penicillium italicum (parasites) are about 
equally sensitive, further that parasites are more sensitive than saprophytes, 
and that among the saprophytes Aspergillus niger is less sensitive than Rhizo- 
pus nigricans. The unsubstituted dithiocarbamates and the bisdithiocarba- 
mates (containing a diamine) belong to other groups. 

A strange phenomenon which is shown by a number of fungi or bacteri- 
cidal substances, but is particularly pronounced with TMTD, is the so-called 
inversion effect, first demonstrated by Dimond, Heuberger and Stoddard 
(1941). The effect occurs as a reduction of the toxicity at an intermediate con- 
centration, on both sides of which the growth inhibition can be nearly com- 
plete. The phenomenon has been tentatively explained as resulting from dis- 
sociation of the substance to free radicals at decreasing concentrations. Mont- 
gomery and Shaw (1943) stated that the phenomenon must be ascribed to 
the particular chemical reactions of the compounds showing the inversion 
effect, as the most diverse organisms behaved similarly. Blackith (1948) as- 
sumed that there does not necessarily have to be a linear relationship be- 
tween the accumulation of a substance and its concentration in the substrate, 
and tried to explain the effect that way. 

For all dithiocarbamates, the spores are more sensitive than the mycelium 
(Sijpesteijn and van der Kerk, 1952, Klöpping and van der Kerk, 1951). Also, 
Manten, Klöpping and van der Kerk (1951) have found that Aspergillus niger 
is far more sensitive to TMTD when grown on an inorganic substrate with 
saccharose (0.1 ppm. inhibited completely) than when grown on malt agar 
(10 ppm.) or on peptone-glucose agar (30 ppm). They explain this as the result 
of substances in the last two substrates counteracting TMTD. This has been 
further studied by Sijpesteijn and van der Kerk (1952), who found that 

L-histidine did slightly antagonize TMTD and related substances (Na-DMDT 
and TMTM) at higher pH values. L-histidine did not antagonize ethylene 
bisdithiocarbamate and tetrametylene diisothiocyanate. From these findings 
they concluded that the dithiocarbamyl compounds affect the histidine meta- 
bolism in the fungi. 

In a later publication, Sijpesteijn and van der Kerk (1954 b) have shown 
that besides L-histidine, a number of other imidazole derivatives are able to 
antagonize the effect of Na-DMDT on spore germination in the first zone 
of inhibition. By a histidinedeficient mutant of Aspergillus niger, they were 
further able to prove that the antagonistic activity of the different com- 
pounds was not due to conversion to L-histidine. In addition they found that 
for Aspergillus niger, a-keto acids were active Na-DMDT antagonists in the 
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first zone of inhibition, although they were totally ineffective for the other 
test moulds tried, namely Penicillium italicum, Botrytis allii and Rhizopus 
nigricans. 

Much work has been done in comparing the toxicity of different organic 
sulfur compounds. Studies have been made by Davies and Sexton (1946), 
and by Miller and Elson (1949). The last-mentioned authors studied the bac- 
tericidal effect, and found that towards bacteria TMTD was the most effect- 
ive, followed by Na-DMDT, while TMTM was only slightly toxic. Klöpping 
(1951) Klöpping and van der Kerk (1951) stated as later also Palmer, Green- 
lee and Baldwin (1952) that among the dithiocarbamates and thiuram disul- 
fides, the tetramethyl derivatives are the most efficient. The effect decreases 
with increasing chain-length in the amines. The unsubstituted or mono- 
substituted compounds are also considerably less toxic. 

From the results of the van der Kerk group we may summarize that the 
methyl-ester of H-DMDT is only slightly toxic. The same holds true for 
Na-dimethyl thiocarbamate, and tetramethyl dithio-oxamide: 
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Tetramethyl thiuram oxide was, however, as toxic as TMTM. Recently, 
White (1954) has shown that thiuram oxides have the structure of thiocarba- 
myl carbamyl sulfides, and not thiocarbamyl oxides. The proper formula 


is thus: 
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Na-dithioacetale was also found to have a considerable toxicity. Klöpping 
and van der Kerk believed that the structure 
S 
à es 
+N=C 
4 N 
S 
leads to strong fungicidal activity by the dithiocarbamates and their deriva- 
tives, but not by the bisdithiocarbamates, which as mentioned have another 
fungicidal spectrum. For recent work on the mode of action of this group of 
compounds, we may mention Barratt and Horsfall (1947), Ludwig, Thorn 
and Miller, (1954), and Sijpesteijn and van der Kerk (1954 a). 
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In their paper, Sijpesteijn and van der Kerk (1954 b) discussed more gener- 
ally the mode of action of dithiocarbamates, and it is felt justified to end 
this literature review by citing some sections of the discussion, since it 
represents the most recent opinions seen on this theme: 

— »Nothing is known as yet concerning the actual site of action of Na- 
DMDT in the cells, and it seems difficult at present to understand the func- 
tion of imidazoles as Na-DMDT antagonists. Mere chemical interaction be- 
tween the fungicide and the various antagonists seems most unlikely. . . . 
The facts presented up to now rather point to the hypothesis that the imida- 
zoles in some way or other prevent the fungicide from interaction with some 
essential enzyme system. ..... In the second zone of inhibition the addition 
of an idimazole compound alone is not sufficient to restore growth. Though 
B. allii and Rh. nigricans do not show a zone of inversion growth, yet here 
too there is clearly a first zone of inhibition in which imidazole derivatives, 
especially imidazole pyruvic acid, show antagonistic activity followed by a 
second zone in which imidazole derivatives are inactive. 

»It seems logical to assume that with increase of Na-DMDT concentration 
gradually more enzyme systems become inhibited and thus the second zone 
of inhibition may well be due to the inhibition of a second essential enzyme 
system being superimposed on the inhibition leading to the first zone. 

»With regard to the zone of inversion growth we assume that a third action 
of Na-DMDT, namely the blocking of a non-essential enzyme system, leads 
to the accumulation of an antagonist for the first inhibition zone. This anta- 
gonist might then be an imidazole derivative or, in the case of A. niger, an 
a-keto acid.» 

It is definitely not easy to draw conclusions regarding the mode of action 
of the dithiocarbamyl compounds from the various experimental results that 
are reported in the literature. Some points may, however, be stressed. Thus, 
it might be questioned whether the dithiocarbamates act as heavy metal bin- 
ders. It seems more reasonable to believe that it is the heavy metal complexes 
_ that carry the fungicidal action. It should be noted that none of the previous 
investigators have studied the reactions of, for example, Na-DMDT, when 
added to a nutrient solution, except for the formation of volatile compounds. 

The structural considerations of Klöpping and van der Kerk do not explain 
the physiological mode of action of the compounds. Other explanations than 
that of a similar radical inside the molecule might even be found for the 
fact that the fungicidal actions of Na-DMDT, TMTD and TMTM are so 
similar. As these investigators cannot find any effect of the compounds on 
the respiratory system, they ascribe the action to the anabolic side of the 
metabolism. The findings of Sijpesteijn and van der Kerk that imidazole 
compounds counteracted the dithiocarbamyl compounds are of interest, but 
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one should hesitate before ascribing this to interference with a biological 
system. If it is remembered that L-histidine is a very powerful chelating 
agent, with the highest complex constants for the Cu and Zn complexes of all 
amino acids (Martell and Calvin, 1952), it is understood that the action may 
be merely chemical, consisting of a competition with the dithiocarbamates 


for the heavy metals. 

If also the physiological action of TETD towards animal organisms is 
brought into the picture, it may safely be stated that not even a satisfactory 
working hypothesis exists regarding the mode of action of the dithiocarba- 
myl compounds. 

In the present work, it was found of importance to start with a study of 
the behaviour of the various dithiocarbamyl compounds under investigation 
in a nutrient medium, and when in contact with cells and cellular extracts, 
as this seems partly to have been neglected in earlier work. First, however, 
various analytical methods for the compounds had to be reviewed and 
methods suitable for this work to be selected. 


III. Analytical Methods for the Dithiocarbamyl Compounds 


A number of methods for determining or assaying dithiocarbamyl compounds 
have been published. They have been worked out with different aims, as for instance 
to determine the residue on fruit crops (Dickinson, 1946, Lowen, 1951, Clarke et al, 
1951). A review has been written by Patterson (1950); to determine the content of 
vulcanisation accelerators in rubber (Kress, 1951), or for medical or more general 
purposes (Domar, Fredga and Linderholm, 1949, Ferreira, 1950, Lacoste, Earing 
and Wiberley, 1951, Linderholm and Berg, 1951). Roughly, the methods may be 
divided into four groups: 

To the first can be assigned those methods that use titration techniques. Na-DMDT 
may thus be titrated with iodine, and also in an acid-base system (cf. p. 737). TMTD 
can be titrated with bromate-bromide solution in chloroform (Ferreira, 1950). These 
methods are, however, not very specific, and not suited for the determination of 
the low concentrations which have to be used in physiological work. 

In a second group can be placed the methods which make use of the ability of 
many of these compounds to give off carbon disulfide after acidification. The carbon 
disulfide, which is removed by aeration, is absorbed either as in the macro proce- 
dure in alkali and titrated iodometrically (Clarke et al, 1951), or it is absorbed in 
Viles’ reagent (Viles, 1940), where the amount of Cu-DEDT formed is measured 
colourimetrically (Dickinson, 1946, Lowen, 1951). The last mentioned method is 
very well suited for microgram quantities of dithiocarbamates, as it is extremely 
sensitive. It has one drawback for our purpose, since it does not distinguish between 
the different dithiocarbamates in any degree, and not between these and carbon 
disulfide. 

To the third group it is natural to assign the spectrophotometric methods. Spectra 
in the UV and visible region have been used to determine various dithiocarbamates; 
infra red analysis is not so suitable because of the low concentrations, and also the 
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low solubility of a number of these compounds in suitable solvents. For metal-DMDT 
compounds visible spectra have been studied by Lacoste, Earing and Wiberley 
(1951). As already mentioned, Koch (1949) investigated the UV spectra of some 
dithiocarbamyl compounds. Kress (1951) used the method for determining the pre- 
sence of vulcanisation accelerators in rubber. For most of these compounds, the 
molar extinction values lie in the order of magnitude of 10,000/cm in the region of 
maximal absorption. As the various compounds have quite characteristic spectra, 
it is possible to distinguish between them (but not to determine quantitatively the 
amount of each) at a concentration level of 10 umoles per liter. The method should 
thus be usable, and probably the best one, in the present work. 

The fourth group of methods which also should be briefly mentioned is based 
on biological assay. It has been worked out for TMTD by Leben and Keitt (1950). 
The method is, however, not very specific, unless perhaps in combination with paper 
chromatography, and it is then not sensitive enough, owing to the dilution that 
occurs. 

The spectrophotometric method of analysis was chosen for this work, partly in 
combination with the determination of carbon disulfide in Viles’ reagent, as carbon 
disulfide has no characteristic spectrum with sufficiently high molar extinction 
values. 

The dithiocarbamyl compounds have been extracted from the aqueous phase with 
carbon tetrachloride (tetra) and the spectrum taken up in this solution, either (for 
single extinction values) with a Bechman model B or model DU spectrophotometer, 
or, for absorption curves, with a Cary recording spectrograph. Normally, a single 
extraction only was performed, although it is known that this will not give quanti- 
tative extraction. The ratio water/tetra was, however, not very different in the 
various extractions, and in a mixed solution of the various compounds, the analyt- 
ical results cannot be given as more than estimates in any case. Tetra is not the best 
solvent for these investigations, as it blacks out below 2600 A, and thus only the 
upper part of the UV region can be used. No other suitable solvent was, however, 
obtainable when the investigations started. The carbon tetrachloride was ordinary 
technical grade, distilled once before used. As for all work where absorption in the 
UV region is to be measured, a high degree of cleanliness is needed. Very confusing 
results can be obtained in such work if the solvent during the extraction is allowed 
to come into contact with rubber stoppers, as these may contain Zn-DMDT and 
TMTD as vulcanisation accelerators, easily extractable from the rubber by organic 
solvents in amounts giving extinction values nearing one in the maximal region! 

Some problems arise concerning the standardisation of the extinction curves for 
Cu-DMDT and Zn-DMDT. It is most convenient in this work, but not very feasible, 
to use Na-DMDT as a standard, by adding to a solution of this an excess of Zn or 
Cu sulfate, and extracting with tetra. This cannot, however, give sufficiently accurate 
results, because of the instability of Na-DMDT both in solution and as a solid sub- 
stance. 

To obtain a correct molar extinction value for Cu DMDT at the maximum around 
4350 A, two methods were used. First, a standard solution of cupric sulfate was pre- 
pared, and the molarity checked by electrolysis. To a measured volume of this 
solution was added an excess of Na-DMDT, and the Cu-DMDT formed was extracted 
by tetra in the usual way. Precautions had to be taken against introducing traces 
of copper. The extinction value was measured against a blank, prepared by extract- 
ing a solution of Na-DMDT only. Only the value at 4350 Ä was determined in this 
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Figure 1. Absorption spectra of Cu-DMDT (curve 1), Zn-DMDT (curve 2), TMTD (curve 3), 
and TMTM (curve 4). Ordinate: molar extinction value per cm. 


manner, as it was feared that a less reliable spectrum in the UV region could be 
obtained when an excess of Na-DMDT was used, owing to the traces of TMTD 
always found in Na-DMDT. The other method used was to prepare a standard solu- 
tion of Cu-DMDT by dissolving in pyridine a weighed amount (recrystallized from 
pyridine), and diluting it with alcohol to a concentration which could be measured. 
The results with these two methods agreed well, the values obtained lying between 
10,500 and 11,500. In this work, the molar extinction value of Cu-DMDT at 4350 Ä 
is therefore considered to:be 11,000. This is a surprisingly high value when seen in 
the light of attempts to determine it from standard solutions of Na-DMDT, by adding 
cupric sulfate and extracting. The extinction values then obtained were very variable, 
but higher values than 8500 per two moles of Na-DMDT were very rare. 

The spectrum of Zn-DMDT was obtained by adding an excess of Na-DMDT to 
a known amount of zinc sulfate, extracting and correcting the spectrum for Cu- 
DMDT by means of the extinction value at 4350 Ä. 

For TMTD and TMTM, the problem of standardisation is quite simple, owing to 
the stability and crystallinity of these compounds. In figure 1 are seen the spectra 
of Zn-DMDT, Cu-DMDT, TMTD and TMTM in tetra. Figure 2 shows the spectrum 
of Na-DMDT in water. 

The spectra of the higher dialkyl derivatives were found to be very similar to the 
dimethyl derivatives, but the unsubstituted dithiocarbamates have different spectra. 
Cu-DT was investigated, and found to be quite featureless in the near-UV region. 
This compound was also practically insoluble in tetra. As the unsubstituted com- 
pounds also are unstable in water and result in other decomposition products than 
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the dialkyl derivatives, their analysis leads to quite other problem than do the dialkyl 
derivatives. This is not taken up in this work. 


IV. Studies on the Stability of the Dithiocarbamyl Compounds, 
and their Behaviour in Biological Systems 


A. Reactions in a Mineral Salts Nutrient Solution 


It is well known that the dithiocarbamates hydrolyze to give carbon di- 
sulfide and amine salt in acid solution (cf. preceding chapter). The stability 
of Na-DMDT at various pH values has been investigated by Lopatecki and 
Newton (1952), and that of Fe-DMDT by Weed et al (1953). 

A titration curve for Na-DMDT with hydrochloric acid is seen in figure 3. 
It was observed during the titration that the pH drifted towards higher 
values after each portion of acid added, and became stable after about five 
minutes. This drift can partly be caused by the decomposition of H-DMDT, 
and partly by the reaction of the liberated amine with acid. It is seen from 
the curve that two equivalents of acid were needed to reach the end point. 
When the solution afterwards was back titrated with sodium hydroxide, it 
behaved like a strong acid-base system, with only the excess acid added still 
present. This proves the complete decomposition of H-DMDT with formation 
of carbon disulfide and dimethyl amine hydrochloride. 

In an unbuffered system, the hydrolysis of Na-DMDT will induce a shift 
towards higher pH values, and this will help in stabilizing a moderately con- 
centrated solution of Na-DMDT. In a buffered system, the stability of the 
compound will (when complexing cations or oxidizing agents are absent) 
be strongly dependent on pH. The results from an experiment demonstrating 
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Figure 3. Titration curve for Na-DMDT. 
1 milliequivalent titrated with 0.1-n HCl. pH 
of the Na-DMDT-solution at start was about 
10. Circles and fully drawn line, the pH values 
obtained 5 minutes after the addition of acid. 
Crosses and dotted line: pH values noted im- 
mediately after the addition of acid. 


this are shown in figure 4. It is seen that at pH 3, the half life (this expres- 
sion not taken in the strict mathematical sense, as no proof for a first order 
reaction has been presented) is only about fifteen seconds, whereas at pH 4.7, it 
is a little less than thirty minutes. AtpH above 6, the half life was found to be 
considerably longer, of the order of magnitude of a couple of days. From this 
it can be concluded that in experiments with these compounds, the pH of 
the solution should not be allowed to drop below 6. 

In biological investigations and particularly in growth experiments, it is, 
however, virtually impossible not to introduce heavy metals to some extent, 
and therefore the free dithiocarbamate ion concentration will also depend 
on the concentration of these. Especially in an ordinary nutrient solution 
will this be the case, as is shown in the following experiments. 


As a »model» nutrient solution was used a Czapek medium made up from the 
following stock solutions: 


1. Mineral solution without N and P 


KCI 12.5 g 
MgSO, : 7H,0 12.5 g 
FeCl, 0.25 g 
ZnSO, : 7H,0 0.25 g 


Tap water to 10 liters. (The municipal tap water used is very soft and has a low 
dry matter content, but contains somewhat high amounts of copper from the pipes 
in the laboratory building.) 
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Figure 4. The stability of Na-DMDT at pH 3 
and at pH 4.7. The start concentrations were 
approximately 100 uM. The remaining DMDT 
ions in the phosphate buffer were determined 
by transferring samples at suitable time inter- 
vals to neutral buffer solutions of known 
volume, with a little cupric sulfate added. The 
amount of Cu-DMDT formed was then mea- 
sured spectrophotometrically. The experiments 
were made at room temperature. Ordinate: 
remaining DMDT ions, percentages of the start 
concentrations. Abscissa: upper curve, time in 
seconds; lower curve, time in minutes. 


2. N-solution 

NH, CI 26.8 g 

Distilled water to 5 liters 
3. Phosphate buffer 

Mixtures of 0.25 M KH,PO, and K,HPO, (in distilled water), to the desired pH. 
4. Carbohydrate solution 

Glucose 125 g 

Distilled water to 5 liters. 


The nutrient solution was prepared by mixing four parts of 1 with two parts 
each of 2 and 3. This mixture was heated to boiling and carefully filtered, where- 
after two parts of 4 were added. The pH value used was 7. In the experiments 
_ reported here, the nutrient solution was not further sterilized. 


In the first of these experiments, varying amounts of Na-DMDT were 
added to nutrient solutions in 300 ml. erlenmeyer flasks, (In this connection 
it was found necessary first to purify the Na-DMDT, which had been pre- 
pared a couple of months earlier and stored in a closed bottle at room tem- 
perature. On extraction with tetra, it was found to contain TMTD. This could 
be removed by repeated extractions of an aqueous solution with tetra.) 

From the flasks samples were extracted with tetra immediately after pre- 
paration. Then the flasks were incubated for 24 hours at 30° C, when new 
samples were extracted. 
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Figure 5. Absorption spectra of extracts of nutrient solutions to which have been added 

varying amounts of Na-DMDT. Curves in À from samples extracted immediately; curves 

in B from samples extracted after incubation for 24 hours at 30° C. The numbers 1—10 

on the curves represent the following Na-DMDT concentrations: 503, 300, 200, 150, 109, 
70, 50, 30, 20, 10 umoles per liter, respectively. 


The absorption spectra of the tetra extracts are shown in figure 5. It is 
seen that a tetra-soluble compound has appeared during the incubation. 
Most probably this is TMTD, as when the 200 uM absorption curve is sub- 
tracted from the 500 uM one, a very TMTD-like spectrum appears. 

In figure 6A and B are shown the extinction values at three wavelengths 
as a function of the amount of Na-DMDT added, for the extracts taken 
immediately (figure 6 A), and after 24 hours (figure 6 B). These curves, seen 
in connection with the absorption spectra in Figure 5, show that at low con- 
centrations of Na-DMDT, all of it is bound as Cu-DMDT. When the con- 
centration increases, the excess combines with zinc to form Zn-DMDT. This 
complex is not so strong as the Cu-DMDT complex, and can from the shape 
of the curves in figure 6 be seen to be dissociated to some extent. But only 
when most of the zine ions are bound as Zn-DMDT will the solution contain 
free dithiocarbamate ions to any degree, and from then on the concentra- 


tion of these will be proportionate to the amount of Na-DMDT added sub- 
sequently. 
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Figure 6. The extinction va- 
lues from figure 5. at the 
wavelengths 2700, 2800 and 
2900 À as functions of the 
Na-DMDT concentrations. Fi- 
gure À gives the results from 
A in fig. 5, and B those from 
B in fig. 5. Figure C, the dif- 
ference between the spectra 
after addition of 200 and 560 
uM Na-DMDT. Curve a from 
figure 5A, and curve b from 
figure 5 5. 


50 100 
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The curves of the extracts taken after 24 hours show the same general 
picture as those taken at the start, but a disappearance of dithiocarbamate 
_ during the incubation has resulted in a stretching of the curves along the 
abscissa in figure 6B. Roughly half the amount of Na-DMDT added must 
have disappeared, but only a minor amount seems to have been oxidized to 
TMTD. About 32 uM Na-DMDT, or 10 per cent of the amount present at 
the start, has been oxidized between 200 and 500 uM Na-DMDT (curve 6 C). 

No metal complexes other than Cu-DMDT and Zn-DMDT seem in this 
case to be formed with the dithiocarbamate. Probably the nutrient solution, 
because of the boiling and filtering, contained only a very small amount : 
of iron. 

Zn-DMDT and Cu-DMDT will establish reversible dissociation equilibria 
in the solution; for Zn-DMDT the following equations may be written: 
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If the dithiocarbamate ion is denoted X”, the stability constants are ex- 
pressed thus: 


Canx? 5% Cznx2 = _ Cznxz =k,k 
Cat M Caux Ct St? 


Similar equations may be written for Cu-DMDT. In order to know the 
relative concentrations of the different complexes, the values k, and k, should 
be known. No stability constants for dithiocarbamate complexes have been 
found in the literature. Because of the low solubility of the 1:2 complexes, 
and the instability of the free dithiocarbamic acid, the constants are difficult 
to determine. 

In the present work, attempts have been made to obtain only rough 
estimates, so that at least a qualitative picture of the degree of dissociation 
of the complexes at the concentration range used in the biological investiga- 
tions could be given. 

An approximation of the value k,k, for Zn-DMDT can be obtained from 
the curves in figure 6A, although the extraction procedure might have 
caused a shift in the equilibrium. Data for the calculation are found in 
table 1. Attention should also be called to table 4, where values are given for 
the amount of Zn-DMDT extractable from solutions (or centrifuged suspen- 
sions) of different concentrations. From these values, k,k, values of 7.5: 107, 
2-108 and 3.4 10° respectively, going from the highest concentration to the 
lowest, can be calculated. The first value is not reliable, because Zn-DMDT 
at the highest concentration certainly had precipitated. The two lower 
values agree as regards the order of magnitude with those obtained from 
figure 6 A. 

It should be noted that in these calculations it has been assumed (1) that 
all Zn-DMDT (1:2) formed is extracted by tetra without a shift being pro- 
duced in the equilibrium, and (2) that the remainder in solution exists as 
free zinc and dithiocarbamate ions. Neither of these assumptions holds true. 

As only a part of the Zn-DMDT (1:2) which is formed is extracted, and 
equilibria will be established between the concentrations of Zn-DMDT (1 : 2) 
in the tetra and in the aqueous phase and Zn-DMDT (1 :1), Zn?* and DMDT- 
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Table 1. Estimation of the stability constant kı: ks for Zn-DMDT by means of data from 

the curve for 2900 À in figure 6 A. It is assumed that all Zn-DMDT (1: 2) has been extract- 

ed, and that the remainder is completely dissociated. See the text for a discussion of the 
method. The concentrations are given in the table as moles per liter. 106. 


ODE 0 5 15 35 | 55 | 85 123 
on REEL Ei A RC a AR M Po at ee RE 
RER RE 0 0.3 1.3 4.8 9.45 | 10.35 10.7 
HSE 10.7 10.4 9.4 5.9 1.25 0.35 0 
ee 0 4.4 12.7 25.4 35.1 64.3 123.6 
m — 0.52 0.11 0.68 0.98 1.02 
—log C,,2+ —1.02 | —0.97 | —0.77 | —0.11 | —0.46 
—2 log Cyyor — 1.28 | —222 | —280 | —3.11 | — 3.62 
pky-ke—12.... — 2.82 | —3.08 | —289 | —213 | — 2.16 
a | 9.18 8.92 9.11 9.87 9.84 


in the aqueous phase, it is not possible to calculate the value k,k, with any 
accuracy without knowing the distribution coefficient of Zn-DMDT (1 : 2) 
between tetra and water, and the concentration of Zn-DMDT (1:1) in the 
aqueous phase. Since the distribution coefficient certainly is higher than 1 
in the present case, but below, for example, 100, the error introduced by 
omitting the amount of Zn-DMDT (1:2) remaining in the aqueous phase 
from the calculation will not be so serious. But by assuming that instead of 
zinc and DMDT ions, the aqueous phase contains Zn-DMDT (1:1) and 
DMDT ions, it is seen that the calculated coefficient will be k,, and not k,k.. 
From the preceding, we can therefore only conclude that the true value for 
k,k, lies between 10° and 10°-k,. 

Attempts to obtain values for k, were made in two directions. First, ab- 
sorption spectra of dilute aqueous solutions of zinc sulfate with Na-DMDT 
added demonstrated a considerable dissociation (figure 7). It is seen that 
when 10 uM zinc sulfate and concentrations of Na-DMDT up to 15 uM are 
mixed, the spectrum obtained closely resembles that of Na-DMDT alone. 
Only a slight increase in the value ¢2540/e2788, from 0.93 for Na-DMDT to 
1.00 for the mixture, was observed. The maxima are seen still to be at the 
wave-lengths for Na-DMDT. When the zinc concentration is increased to 
1000 uM, a spectrum resembling that of Zn-DMDT in tetra is seen to appear. 
The maxima are at 2480 and 2720 A, and with a relative ratio €2480/2720, 
= 1.25. 

It can now be concluded that k, must be of the order of magnitude of i0*. 
If k, is 105, only 50 per cent of the Zn-DMDT (1:1) complex would be dis- 
sociated in the concentration range of 10 uM, and the spectrum would then 
show characteristics of the 1:1 complex in a much higher degree. If k, is 
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Figure 7. Absorption spectra of 
aqueous mixtures of Na-DMDT 
and zinc sulfate. The curves 
were taken with Cary recording 
spectrophotometer, using 10 cm 
cuvettes. Curves 1, with 10 uM 
zinc sulfate; Curve la, with 15 
uM Na-DMDT and curve 1b, 
7 uM Na-DMDT. Curves 2, 1000 
uM zinc sulfate, 2a with 15 uM 
Na-DMDT and 2b with 7 uM 
Na-DMDT. The blank cuvettes 
contained the «corresponding 
amounts of zinc sulfate aione. 


104, 10 per cent would exist as the 1:1 complex in this concentration range, 
and only a slight shift in the spectrum should be visible. When the zinc ion 
concentration is increased to 1000 uM, practically all Na-DMDT added (when 
in a concentration range of 10 uM) would be converted to Zn-DMDT (1:1), 
even if k, were as low as 10?. The spectra obtained under these conditions 
are thus most likely the spectra of the pure 1:1 complexes. 

These considerations were checked by polarographic studies. When a 
Sargent polarograph with a dropping mercury cathode and a saturated 
calomel reference anode was used, a 20 uM zinc sulfate in 0.25 M potassium 
phosphate buffer of pH 6.3 gave a wave at — 1.11 volts, 20 mm in height. 
After addition of 12.5 uM Na-DMDT, the zinc wave decreased to 17 mm, 
and another wave at 1.33 volts appeared. This wave must be ascribed to the 
Zn-DMDT (1:1) complex, according to the spectrophotometric studies. 
From the decrease in height in the zinc wave following the first and succes- 
sive additions of Na-DMDT, k, can be estimated to be 10%. 

Returning now to the value k,k,. As mentioned above, k,k, must lie be- 
tween 10° and 10°-k,. Only an order of magnitude of 10 per cent of the 
added zinc and dithiocarbamate ions exist in the form of the 1:1 complex 
when the concentrations are in the range of 10 uM, and less than this in the 
form of the 1:2 complex, before the extraction with tetra. After extraction, 
the concentrations in the aqueous phase will have decreased, and a further 
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Figure 8. Absorption spectra of a 20 uM solution of  % | | 
cupric sulfate to which has been added increasing con- 
centrations of Na-DMDT. The numbers on the curves as 
give the concentrations of Na-DMDT in umoles per liter. 5 
B.L. means base line (blank line) for the recording 


instrument. It should be noted that with increasing con- ss 
centrations of Na-DMDT, the solution becomes more 
turbid, due to precipitation of Cu-DMDT. The spectra 
were taken with cuvettes with 10 cm light path. Ordi- M 
nate: extinction value per cm. 
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dissociation must be expected. The conclusion is therefore finally reached 
that the value obtained by the extraction procedure must be correct as 
regards order of magnitude, and we may in our rather qualitative estimations 
assume k, to be 10%, and k,k, to be 10°. 

On the basis of these roughly estimated values, the relative concentrations 
of free dithiocarbamate ion and of the 1:1 and the 1:2 complexes can be 
calculated for varying concentrations of zinc and Na-DMDT. A set of such 
curves is shown in figure 8. 

As regards Cu-DMDT, attempts to estimate stability constants did not 
succeed, owing to the high values of the constants and the very low solubility 
_of the 1:2 complex. The existance of a 1:1 complex could, however, be 

demonstrated very nicely by spectrophotometric technique. 

A solution of 20 uM cupric sulfate in distilled water was prepared, and 
placed in a 10 cm Cary cuvette. As blank was used a similar cuvette filled 
with distilled water. To the cuvette containing cupric sulfate was then added 
(from a stock solution) 1 mA/ Na-DMDT in small amounts, to give con- 
centrations of 1, 2, 3, etc. uM in the cuvette. After each addition, the spectrum 
was taken. The results are seen in figure 8. It is noted that after addition of 
small amounts of Na-DMDT, a peak appears at 3800 Ä. This peak seems to 
reach a maximum when about 6 uM has been added, and at increasing 
concentrations it then seemingly disappears as the ordinary maximum at 
4500 Ä (the maximum which in tetra is at 4350 À) appears. Since the peak 
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Figure 9. The relative ratio between free dithiocarbamate ion, free heavy metal ion, 1:1 

and 1:2 complexes of Zn-DMDT (fig. A) and Cu-DMDT (fig. B). The abscissa denotes 

the negative logarithm of the concentration of the free DMDT—. The negative logarithm 

of the concentrations of the other compounds are found along the ordinate. The following 

assumptions have been made: For Zn-DMDT, kı=3:10%, k>=3 104, Conso 6 "10 M; 

the solubility of Zn-DMDT (1:2)=10-5 M. For Cu-DMDT, kı=5 : 107, k2—10%, Co = 
2:10—5 M; the solubility of Cu-DMDT (1:2)=10-® M. 


appears when cupric ions are in excess, it is very reasonable to ascribe it to 
the 1 : 1 complex. 

When the extinction values from figure 8 were plotted against the con- 
centralion at various wave lengths, curves were obtained which showed no 
detectable dissociation of the complexes at the concentrations used. It is 
also noted that the spectra do not show the presence to a high degree of the 
DMDT ion. This seems to mean that k, must lie above 106, and k,k, probably 
above 10%. It is not possible to state how high the values really are. In figure 9 
are drawn a set of curves, assuming k, =5.107 and k,= 10%. 

Another problem causing difficulties is the determination of the actual 
solubilities of the 1:2 complexes. These are probably very low both for Cu- 
DMDT and Zn-DMDT. In table 2 are given values found by extraction of 
saturated solutions of Zn-DMDT and Cu-DMDT. These values do not neces- 
sarily represent the amounts of undissociated 1:2 complexes in solution. If 
the distribution coefficient for the 1:2 complex goes strongly in the favor 
of the tetra phase, a shift in the equilibrium will cause the formation of 
more of the 1:2 complexes during the extraction. 

An attempt was also made to determine the solubilities by adding zinc or 
cupric sulfate in dilute solutions to relatively concentrated Na-DMDT, and 
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measuring the concentration of the heavy metal at the point where the 
turbidity increases from zero. Under such conditions, the concentrations of 
the heavy metal 1:2 complexes will be practically equal to the concentration 
of the added heavy metal. The method worked well for Zn-DMDT, as the 
turbidity rose sharply and practically linearily after addition of a certain 
concentration of zinc sulfate. With Cu-DMDT, the increase in turbidity was, 
however, so slight that it was very difficult to state at which concentration 


the precipitation had started. Results from these experiments are also found 
in table 2. 


The solubilities of TMTD and TMTM have been assayed by extraction 
of saturated solutions (table 2). These. compounds are considerably more 
soluble than the metal chelates, and the solubility of TMTM is remarkably 
high. 

TMTD takes part in redox processes, and it was always found to be 
reduced to a small extent, particularly in solutions with cupric ions that 
could bind the DMDT ions formed. A considerable reduction can, however, 
not take place in an ordinary nutrient solution. In the polarographic studies 
reported previously, an anodic wave at —0.58 V was observed when larger 
amounts of Na-DMDT were present. Against a normal hydrogen electrode, 
the redox potential of the system TMTD/DMDT- should then be —0.34 V. 
Gregg and Tyler (1950) found for the system TETD/DEDT- a redox poten- 
tial of — 0.303 V. 

TMTM can be hydrolyzed to DMDT ions and dimethyl thiocarbamate 
ions, the latter probably undergoing further decomposition: 


CHACH; CH, CH, 
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Due to this reaction, TMTM is unstable in alkaline solution, but the hydro- 
lysis will also take place in neutral solutions in the presence of cupric ions. 
This can be demonstrated by adding a little cupric sulfate to a solution of 
TMTM. The light yellow colour will then darken, and become yellow-brown 


from Cu-DMDT. 
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Table 2. Attempts to determine the solubility of Zn-DMDT, Cu-DMDT, TMTD and EMA 
in distilled water, 0.1 M phosphate buffer of pH 7.0, and in nutrient solution. Solubility 


in uM. 

Zn-DMDT Cu-DMDT TMTD TMTM 

Solvents an ; = 5 
Extraction | Turbidity | Extraction | Turbidity | Extraction | Extraction 

7.0 5 4.4 2 110 3,300 

DISCEWALETE { 88 8 3.1 108 2 100 

29.5 2.5 104 2,000 

Phosphate buffer { 29.0 2 6 102 3.300 

en ; 21.0 1.2 66 2,300 

Nutrient solution { 27.0 15 86 2 200 


An experiment with the intention of studying the stability of Zn-DMDT, 
Cu-DMDT, TMTD, and TMTM when added to the nutrient solution as such, 
was made in much the same manner as the experiment with Na-DMDT. 
Erlenmeyer flasks each with 100 ml of nutrient solution containing about 
20, 50, and 100 uM of these substances respectively were prepared and 
samples extracted immediately. The flasks were then incubated for 24 hours 
at 30° C, and samples extracted anew. The extracts were run in the Cary 
spectrophotometer, except for Cu-DMDT, where only the extinction at 4350 A 
was measured in the Beckman. The results are seen in figure 10. 

It appears that only Cu-DMDT is somewhat stable. The Cu-DMDT-impurity 
in Zn-DMDT has kept fairly constant, but Zn-DMDT has to a large extent 
disappeared, probably as carbon disulfide, as the spectra do not indicate 
the appearance of TMTD. TMTD has also kept fairly constant, especially 
at the higher concentrations, but it is seen that the solutions contain quite 
a lot of Cu-DMDT. TMTM was from the start somewhat hydrolyzed, and 
contained Cu-DMDT, and this process has continued during the incubation. 

The next study concerned how a nutrient solution with dithiocarbamyl 
compounds present behaved when aerated. These experiments and the sub- 
sequent growth experiments were carried out in a constant temperature bath 


equipped with a device for magnetic stirring of the contents of the culture 
flasks. 


The constant temperature bath was a glass vessel about 30 by 40 cm, and 25 cm 
high. It was filled with mineral oil and equipped with a contact thermometer, relays 
and heating element. In this bath, supported by a frame of aluminium, were placed 
seven permanent magnets, rotating on vertical axes just below a thin plate of 
aluminium, upon which the culture flasks were placed. The magnets were inter- 
connected with a perspex gear system, and placed in a pattern to allow them all 
to be driven by a variable-speed motor, and with space enough for a culture flask 


above each. The rotating gears also circulated the mineral oil in the bath, rendering 
a special stirring motor unnecessary. 
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Figure 10. Absorption spectra of extracts of nutrient solutions with varying amounts of 

Zn-DMDT, Cu-DMDT (only extinction values at 4350 À given), TMTD and TMTM added. 

Curves marked a, from samples taken and extracted immediately. Curves marked b, from 

samples incubated 24 hours at 30° C before extraction. Curve No. 1, 100 uM, No. 2, 50 wi 
and No. 3, 20 uM of the dithiocarbamyl compound. 
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Figure 11. Culture flask with aeration and 
magnetic stirring. 


The culture flasks were made from 300 ml Pyrex erlenmeyer flasks by sub- 
stituting a ground-glass neck for the ordinary one. A flask with the magnetic stirring 
equipment is shown in figure 11. It should be mentioned that when the flasks are 
to be used for sterile work, they must be autoclaved with the polythene stoppers 
on the side tubes absent, as they would otherwise melt. 

The flasks were aerated by means of a gassing manifold and a Medwac pump. 
A T-tube with a clamp served as a regulating mechanism for the main current of 
air, and a clamp before each culture flask regulated the air-stream through the 
flask. Later, the flasks were also equipped with flow-meters of the type measuring 
the pressure drop through a capillary, for a better control of the air flow through 
each flask. The air was passed through a washing bottle with lead acetate before 
entering the flasks, and after leaving them it passed through washing bottles with 


zinc acetate, to trap any hydrogen sulfide, and thereafter through measured volumes 
of Viles’ reagent in test tubes. 


Two experiments were carried out, in which portions of 100 ml nutrient 
solution, containing 20 uM of, respectively, carbon disulfide (in two flasks), 
Na-DMDT, Zn-DMDT, Cu-DMDT, TMTD and TMTM were aerated for one 
hour at 30° C. Then the Viles’ reagent was changed, 25 ml normal sulfuric 
acid was added to each culture flask, and they were aerated anew for one 
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Table 3. The behaviour of the dithiocarbamyl compounds in aerated nutrient solutions. 
Experiments in the constant temperature bath, with 100 ml nutrient solution, to which has 
been added 20 uM of carbon -disulfide (to two flasks), Na-DMDT, Zn-DMDT, Cu-DMDT, 
TMTD, TMTM. Temperature 30° C. A fairly rapid bubbling of air through the flasks during 
the whole experiment. The air was passed through 10 ml of Viles’ reagent for absorption 
nf carbon disulfide. After one hour, 25 ml N sulfuric acid was added to each flask, the 
Viles’ reagent renewed, and the aeration continued for another hour. At the end of the 
experiment, the contents of the flasks were extracted with tetra. The amount of Cu-DMDT 
formed was calculated from the extinction value at 4350 À, and the amount of other com- 
pounds formed was calculated from the UV-spectrum, taken with the Cary recording 
spectrophotometer. 
en I ur a ET wa A Er de u 


CS, after x 
; | CS, after Cu-DMDT 
Compound added a wer ine <cl. Other compounds Sum 
ASE DEC RER ER 19.9 | 0.1 | 20.0 
eee 195 | 0.5 20.0 
Na-DMDT......... 0.0 0.85 7.50 TMTD 1.95 19.8 
ZEDMDT..C... 0.3 | 5.8 112 Zn-DMDT 4.85 19.1 
Co DMDT 0.0 | 0.0 19.8 = 19.8 
IE. | 01 | 900 225 | TMTD 17.8 20.1 
TN TERME | 0.0 0.5 0.25 | TMTM 18.0 19.0 


hour. The two experiments gave essentially the same result, and data from 
one are compiled in table 3. It appears that, in neutral solution, the com- 
pounds are fairly stable towards aeration. Surprisingly enough, Zn-DMDT 
is less stable than Na-DMDT. This is even more clear in acid solution. No 
hydrogen sulfide formation was observed. 


B. Reactions When in Combination with Cellular Extracts 


As now the reactions of the dithiocarbamyl compounds in the nutrient 
solution had to some extent been elucidated, it seemed natural to turn atten- 
tion to their behavior when in contact with cellular constituents, to see if 
some particular reactions might occur. 

An informative experiment was carried out in the same manner as the 
_ previously mentioned one in the constant temperature bath and with aeration, 
but with an addition of acetone yeast powder to the nutrient solution, cor- 
responding to 1 per cent dry weight in each. This experiment showed that 
Na-DMDT, Zn-DMDT, Cu-DMDT and TMTM behaved as without yeast 
extract, but TMTD was reduced. As additional experiments showed that 
reduction also occurred in the presence of boiled yeast extract, as well as 
cysteine and ascorbic acid, it can probably be considered as unspecific and 
non-enzymatic. 

But one rather intriguing difference from the earlier experiment was 
found, namely that the quantitative recovery of the added dithiocarbamyl 
compounds was found to be very far from satisfactory. Repetition of the 
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Figure 12. The recovery in the tetra phase 
after extraction of 80 uM Zn-DMDT, Cu- 
DMDT, TMTD and TMTM from distilled water 
containing various concentrations of gelatin. 


a 025 05 


experiment showed that this was not due to an experimental error. In order 
to clear up this problem, extraction tests were made with gelatin in phos- 
phate buffer, as a simple and nonspecific protein system, it being natural 
first to suspect the protein of being the cause of the discrepancy. Linder- 
holm and Berg (1951) had earlier found that Cu-DEDT could not be extracted 
from serum solutions. 

The results from one such test are shown in figure 12. It is seen that TMTM 
and TMTD are extracted satisfactorily in the presence of protein, Zn-DMDT 
not so well, and Cu-DMDT is practically all retained in the aqueous phase, 
even if this contains as little as 0.1 per cent gelatin. It was further noted, 
that whereas normally an aqueous suspension of Cu-DMDT of the con- 
centration used here was distinctly turbid, the gelatin-containing suspension 
(or solution) remained quite clear, with no signs of precipitation. When the 
gelatin was precipitated with ammonium sulfate or alcohol, Cu-DMDT 
followed the precipitate. 

The behavior of Zn-DMDT seems best explained by assuming that traces 
of copper in the gelatin (such could be shown to be present) have transferred 
some of the Zn-DMDT to Cu-DMDT. The problem rests therefore with 
Cu-DMDT. It is very difficult to perceive how the distribution equilibrium 
between the polar and the non-polar phase can be changed by the protein 
solution, as it seemingly is here. It is particularly difficult to understand 
how only the distribution equilibrium for Cu-DMDT can be affected. The 
only reasonable solution seems to be that a sort of complex must be 
established between the protein molecule and Cu-DMDT. Such a complex 
formation is not improbable, as the structure of Cu-DMDT is square, and 
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Figure 13. Hypothetical structure of ee 
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a complex between Cu-DMDT and ni = 
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cupric complexes with the coordination number of six are known (Pfeiffer 
and Pimmer, 1905, Peyronel, 1941). These complexes are octahedral, and 
they could be formed from Cu-DMDT by two additional bonds vertical to 
the square, as shown in figure 13. For these two additional bonds the cupric 
atom has one electron-pair and one lonely electron. On this basis the unique 
position of Cu-DMDT can be understood. But it must be stressed that no 
final proof for the existance of additional bonding ability in Cu-DMDT has 
been given. It was attempted to prepare a di-pyridinium complex of Cu-DMDT 
by recrystallizing it from pyridine, but this failed. The only indication of an 
interaction was the comparatively high solubility of Cu-DMDT in pyridine. 
Perhaps, 'f the recrystallization is done near the freezing point of pyridine, 
unstable complexes may be obtained. Another indication in the same direc- 
tion is the variations in the wave-length for the maximum in the visible 
region. This is 4350 A in nonpolar solvents like carbon tetrachloride and 
benzene, but about 4600 A in pyridine and 4500 A in water. 

Attempts to elucidate a bonding to particular groups in the protein mole- 
cule have not been successful. This is probably also not an easy task, as not 
even the nature of the copper-protein complex has been completely cleared 
up (cf. works of Macheboef and Viscontini, 1943, Fiess and Klotz, 1952, 
Tanford, 1952), and these bonds must be considerably weaker. An attempt 
was made to saturate the protein solution with Cu-DMDT, to see if after a 
certain amount was added, the rest could be recovered quantitatively, but 
this did not succeed. After addition of considerable amounts, the protein 
precipitated without seeming to have exhausted its binding capacity. Similar 
results have been obtained with cupric ions (Macheboef and Viscontini, 
1943). The ratio of cupric ions to DMDT ions was found to be of only slight 
importance for the extractability. A little more was extracted in acid solu- 
tion than in alkaline (something which may indicate an electrostatic inter- 
ference cf. Fiess and Klotz, 1952) Between the different alkyl der'vatives, 
no difference in extractability could be found. With peptone, the results were 
the same as with gelatin. After hydrolysis of gelatin with hydrochloric acid 
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and subsequent neutralization, the amino acid mixture obtained did not 
prevent the extraction. Thus the complex cannot be attributed to one single 
amino acid group, but rather to large peptide chains. Probably the bonding 
forces are so weak that bonds with monodentate ligands become very un- 
stable. Bonds with bidentate ligands of sufficient rigidity are probably the 
only ones that have some stability, and they may only exist in solutions of 
large peptide chains. 

That the bonds are weak is also shown by the observations of Linderholm 
and Berg (1951) that the addition of surface active compounds like ordinary 
soap and Tween 80 again changed the distribution equilibrium in favour of 
the non-polar phase. 


C. Absorption Spectra of Dithiocarbamyl Compounds in 
Yeast Suspensions 


When the method of Shibata, Benson and Calvin (1954) for determina- 
tion of absorption spectra of suspensions of living microorganisms appeared, 
an effort was made to use it for a direct study of the state of the dithio- 
carbamyl compounds when added to intact yeast suspensions. 

A yeast suspension containing one gram per liter of washed yeast in phosphate 
buffer of pH 6.3 was used for these studies. The heavy metal dithiocarbamates were 
added as mixtures of Na-DMDT and an equivalent amount of zinc or cupric sulfate. 
TMTD and TMTM were added as a solution in acetone to the dry and empty vessel, 
which was then evacuated by the water suction pump until all acetone had dis- 
appeared. The yeast suspension was then added and the flask shaken well. A set 
of suspensions or solutions of the dithiocarbamyl compounds in phosphate buffer 
without yeast was prepared simultaneously. The spectra were taken in the Cary 
recording spectrophotometer, with pieces of Whatman No. 1 filter paper soaked 
with mineral oil behind the cuvettes. The spectra of the yeast suspensions were taken 
against similar yeast suspensions without dithiocarbamyl compounds, and those of 
buffer systems against buffer solution. The spectra are seen in figure 14. 

It is seen that when Na-DMDT has been added to the yeast suspension, 
lower absorption values are obtained than on the buffer solution, perhaps 
indicating a disappearance of the compound. The shape of the curve and the 
ratio between the two maxima has not been altered, indicating that no heavy 
metal complexes have been formed. 

When Zn-DMDT has been added to the buffer solution, the spectrum 
indicates that a partial dissociation has taken place, and a mixture of Zn- 
DMDT (1:1) and free DMDT ions is obtained. In the yeast suspension, this 
dissociation has proceeded considerably further, so that Zn-DMDT (1:1) 
cannot be detected from the spectrum. 

With Cu-DMDT, the absorption spectrum in phosphate buffer is very 
featureless, probably because of aggregation of the precipitated Cu-DMDT. 
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Table 4. Concentrations obtained in the supernatant in phosphate buffer incubated for one 
hour at 30° with various concentrations of dithiocarbamyl compounds, and centrafugated. 


Start concentration, uM/l | Zn-DMDT | Cu-DMDT | TMTD | .TMTM 
| | 
100 60 | 4.7 | 62 | 97 
50 28 | 4.2 50 51 
| 20 12 1.8 18 | 21 


In the yeast suspension, more details are seen in the spectrum, indicating a 
dispergating effect of the yeast cells on Cu-DMDT. 

With TMTD, it is seen that addition of yeast has caused a considerable 
reduction of DMDT ions. The ratio between the maxima of curve 2 would 
suggest that about 70 per cent of the TMTD added has been reduced. 

With TMTM, addition of yeast has caused no significant change in the 
absorption spectrum. 

The results from this study corroborate those from the extraction tests 
reported earlier. But probably this method can give more reliable data about 
the actual chemical state of the dithiocarbamyl compounds when acting on 
yeast cells, since the extraction procedure may cause shifts in the equilibria. 


V. Attempts to Determine the Uptake of Dithiocarbamyl 
Compounds by Yeast Suspensions 


Miller, McCallan and Weed (1953) have investigated the uptake of labeled 
Fe-DMDT in various fungal spores (conidia) and in yeast cells. Their results 
seem to indicate — as with a number of other compounds tried a very 
large accumulation of Fe-DMDT in the cells; up to 500—1000 ppm was 
reported. This must be far above the solubility of the compound. However, 
the manner in which their experiments were performed makes it difficult 
to conclude whether this amount virtually has been taken into the cells, 
_whether it is an adsorption to the cell walls, or merely a coprecipitation. 

At an early stage of the investigations, some attempts were made to 
determine the uptake of Na-DMDT, Zn-DMDT, Cu-DMDT, TMTD and 
TMTM by resting yeast cells, osmotically equilibrated against a phosphate 
buffer. 

After having been shaken overnight, the yeast was twice washed by centrifugation 
and resuspension in phosphate buffer 0.1 M, pH 7.0. 200 grams (fresh weight) was 
suspended in 600 ml of the same buffer, to give a total volume of about 820 ml. 
This suspension was used for the experiments. The extra-cellular volume was 
determined by adding 2 ml caramel solution to 10 ml of the suspension, centrifuging, 
and determining the dilution of the caramel solution photometrically (at 4500 A.). 
A correction was made for the extinction value obtained when adding 2 ml water 
to 10 ml of the suspension, centrifuging and measuring the solution in the photo- 
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Figure 14, A, B, C. 

A, Absorption spectrum of the 
yeast suspension (1 gram 
fresh weight per liter) against 
water. 

B, curve 2, 100 uM Na-DMDT 
in yeast suspension against 
yeast suspension without Na- 
DMDT. Curve 1, the same 
concentration of Na-DMDT in 
buffer against buffer alone. 
C, curve 2, 100 uM Na-DMDT 
and 50 uM zine sulfate in 
yeast suspension against yeast 
suspension. Curve 1, the same 
dithiocarbamate system in 
buffer against buffer alone. 
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Figure 14, D, E, F. " | 
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See the text for further details. 
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meter. For a discussion of this method, together with other methods for determina- 
tion of the extra-cellular volume, see Malm (1949). 

To 100 ml samples of the suspensions, agitated by magnetic stirring in the flasks, 
was added 10, 5 and 2 ml of 1-mM solutions or suspensions of the various 
dithiocarbamyl compounds. The concentration at the start was calculated on the 
basis of the total extra-cellular volume in each flask after addition of the dithio- 
carbamyl compound. After 2, 30 and 60 minutes 10 ml samples were withdrawn, 
centrifuged sharply for 5 minutes, and 5 ml of the clear supernatant extracted with 
the same volume tetra. The Na-DMDT series was extracted after the addition of a 
drop of 3 per cent cupric sulfate solution. To check whether the eventual dis- 
appearance of the compounds was due to an uptake (or surface adsorption), or 
merely to sedimentation of the amount exceeding the solubility, control flasks were 
prepared in the same manner as the yeast suspension flasks, but without yeast. 
From these flasks samples were withdrawn at the end of the experiment, centrifuged 
and extracted with tetra. 

The results from the experiments are compiled in figure 15. In table 4 
are seen the values obtained in the control flasks with phosphate buffer 
only. From comparing these results, one can see that for Cu-DMDT and to 
some extent for Zn-DMDT, it is not possible to state whether an uptake has 
occurred, or whether the compounds only have precipitated together with 
the yeast cells in the centrifuge. Na-DMDT has disappeared slowly after an 
initial rapid decrease in concentration. The disappearance may be due partly 
to accumulation in the cells, partly to decomposition. TMTD has disappeared 
far below what should be soluble. However, from the previous investigations 
TMTD is known to be reduced to DMDT ions, and this may also have 
occurred here. The curves for TMTM are rather peculiar. They seem to 
indicate a very rapid initial uptake, whereafter the values are surprisingly 
constant. It should be remembered that the hydrolysis of TMTM is a com- 
paratively slow process. 

The shape of the curve for TMTM is more similar to an extraction curve 
than to a permeation curve, since the equilibrium is obtained so rapidly 
(even if the total time of centrifugation is allowed for, complete equilibrium 
has been obtained in 7 minutes). Bearing in mind that the cells are sur- 
rounded by a membrane, the idea of a distribution of the compound between 
two phases would seem far from improbable. By analogy, it should then 
also be permissible to conclude that the same reaction will occur with TMTD, 
Zn-DMDT and Cu-DMDT. 

Since the location of the absorption maximum of Cu-DMDT in the visible 
region is dependent on the polarity of the solution (page 753), an effort was 
made to find out whether Cu-DMDT was absorbed in lipides or siill was in 
a polar phase, in a yeast suspension. For this experiment was used a yeast 
suspension containing 1 gram yeast per liter, and a Cu-DMDT concentration 
of 25 wi, prepared in the yeast suspension by adding Na-DMDT and cupric 


EFFECT OF SOME DITHIOCARBAMYL COMPOUNDS 159 


20 J0 
TIME IN MIN. 


Cu -DMDT 


10 20 30 40 5 60 
——> TIME IN MIN. 


Figure 15. The disappearance of Na- 
DMDT, Zn-DMDT, Cu-DMDT, TMTD and 
TMTM from the extracellular medium of 
yeast suspensions with intracellular vo- 
lumes cf about 20 °/o of the total volume. 
Ordinate: concentration of the dithiocarba- 
myl compound in ihe medium after sedi- 
mentation of the cells in the centrifuge, 
given in umoles per liter. 

Abscissa: time of incubation (at 30° C). 
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Figure 16. Location of the maxi- 
mum of Cu-DMDT in the visible 
region. Curve 1, spectrum of the 
yeast suspension (1 g/liter) 
against water. Curve 2, 25 uM 
Cu-DMDT added to the yeast 
suspension, against water. Curve 
3,25 uM Cu-DMDT in tetra. Curve 
4, 25 uM Cu-DMDT in water. 
Curve 5, 25 uM Cu-DMDT in 
yeast suspension against the 
same yeast suspension alone. 
See the text for technical details. 


sulfate in the proper concentrations. The spectrophotometric technique 
developed by Shibata, Benson and Calvin (1954) was used, and the results 
are shown in Figure 16. 

It is seen that in the yeast suspension, the absorption maximum is lying 
closely as it does in water. Under the conditions in this experiment, the 
cupric atom in the Cu-DMDT complex is thus still surrounded by polar 
molecules to a large degree. This does not necessarily rule out the possibility 
of an adsorption of the complex at a nonpolar phase-border by the lipo- 
philic dimethyl groups in either end of the molecule, but the most natural 
conclusion would probably be that a possibly occurring ad-(or ab)-sorption 
is to a polar phase-border. 


VI. The Effect of Dithiocarbamyl Compounds on the Oxidative 
Reactions in Intact and Resting Yeast Cells 


A. Methods 


Baker's yeast, washed by suspending in distilled water, centrifuging and re- 
suspending, was used for all investigations. The substrate consisted of the various 
carbon sources in 0.02 M potassium phosphate buffer of pH 6.2—6.3. Experimental 
temperature was 30° C throughout the work. A circular Warburg apparatus with 
14 flasks (B. Braun, Melsungen) of approximately 15 ml volume, and of the ordinary 
shape with one side arm and gas vent through the side arm stopper was used for 
determination of the gas exchanges. The flask constants were determined by a 


method not previously seen described in the literature. It is mentioned here, owing 
to its rapidity and simplicity. 
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The flasks, connected with the manometers, were attached to a burette by means 
of the side arm stopper and a short rubber tubing. The burette was filled to a known 
position with alcohol, the alcohol also filling the rubber tubing and the bore in 
the side arm stopper. By opening the burette stopcock, the Warburg flask was 
filled with alcohol. To avoid trapping of air, the manometer holding the flask was 
carefully tilted, and alcohol let in until it reached a point on the horizontal arm of 
the manometer. This was marked, and the volume of the flask and manometer to 
this point simply read on the burette. The volume in the rest of the manometer was 
determined in one of the ordinary ways. The method can be used on all flasks 
having a side arm vent, and on most shapes of flask. Its advantage is its rapidity, 
and the fact that replicate determinations are easily made. The accuracy (about 
+0.05 ml) is sufficient for most manometric work. 

The Warburg flasks were normally filled with 2 ml of yeast suspension, and the 
side arm with 0.2 ml of the solution of the substance to be added during the experi- 
ment. The yeast suspension contained (when nothing else is stated) 1 gram fresh 
weight of yeast per liter. 

The gas exchanges are in all experiments reported as the volumes actually deter- 
mined in each experiment, as it was not felt to be of importance in this work to 
operate with the Q values. 

Oxidation of Na-DMDT. As Na-DMDT is oxidized in air, it was necessary before 
starting the manometric study to check whether the concentration of Na-DMDT 
used would cause an oxygen uptake that could introduce errors into the experi- 
ments. The oxidation of one u-mole Na-DMDT to TMTD by atmospheric oxygen will 
cause an oxygen uptake of 11.2 ul. Normally, the Warburg flasks contain 2 ml 
yeast suspension with a maximal Na-DMDT concentration of 200 u moles per liter. 
Thus, the maximal oxygen uptake would be 4.4 ul. Even if the oxidation is com- 
plete, the error introduced will be small, when gas exchanges above 100 ul are 
measured. To check these theoretical considerations, the pressure decrease in a 
flask containing 0.5 umoles of Na-DMDT in phosphate buffer was observed. After 
5 hours at 30° C, the pressure decrease corresponded to an oxygen uptake of 3.0 ul. 

James and Garton (1952) studied the pressure changes shown by Na-DEDT. They 
found a gas evolution of maximum 20 ul by 2.5 ml 1000 uM Na-DEDT. This was 
by them ascribed to COS evolution, but it is more likely to be caused by the forma- 
tion of carbon disulfide. Even if such a gas evolution should occur, it could at most 
be 2 ul with the concentrations used. 

The Endogenous Respiration. In the investigations reported here, oxygen uptake 

has been in each case corrected for endogenous respiration. It may be doubtful if 
the endogenous oxygen uptake (which must be due to the respiration of reserve 
carbohydrates, fats, amino acids and other products in the cells) proceeds at the 
same rate in the presence of large excesses of easily oxidizable substrates, but the 
fact that the endogenous respiration seems unaffected by the dithiocarbamyl com- 
pounds (see table 7) makes it justifiable to correct when strong inhibition of the 
oxidation of the added substrate has occurred. It seems then most logical to correct 


in all cases. 


B. Introductory Experiments with Glucose as the C-Source 


As already mentioned, experiments reported in the literature have shown 
that the dithiocarbamyl compounds affect only the oxygen uptake of fungi 
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| Figure 17. The oxygen uptake of 
yeast suspensions with glucose 
as the C-source, and with Na- 
DMDT. Upper curves, glucose 
(0.1 M) added from the start, 
Na-DMDT (to a final concentra- 
tion of 100 umoles per liter) 
added after '/2 hour. Lower cur- 
ves, Na-DMDT (100 uM) added 
from the start, glucose (to a final 
concentration of 0.1 M) added 
2% after t/2 hour. 
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in concentrations considerably above those suppressing the growth com- 
pletely (Klôpping, 1951). Our experiments verified this. The respiration of 
yeast suspensions in phosphate with glucose as the C-source was not signi- 
ficantly inhibited by concentrations of Na-DMDT below 100 uM, and if 
Na-DMDT was added after the glucose. 

A detectable inhibition was, however, obtained when glucose was added 
to a similar yeast suspension incubated with Na-DMDT for a short time 
(‘/2—1 hour). The curves from an experiment showing this are seen in 
figure 17. 

Various pathways have been proposed for the reaction sequence leading 
to the complete oxidation of glucose to carbon dioxide and water in yeast 
cells. Whereas the glycolytic route to pyruvic acid for some time has been 
assumed to be the sole passage through the anaerobic stages, new investiga- 
tions stress the importance of the so-called Dickens scheme or oxidative 
shunt, which by passing through phosphogluconic acid, ribulose-5-phosphate 
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and glyceraldehyde-3-phosphate, leads to pyruvic acid. (Bloom and De Witt 
Stetten Jr., 1953, Beevers and Gibbs, 1954, Blumenthal, Lewis and Wein- 
house, 1954). The latter authors estimated that under aerobic conditions the 
extent of the oxidative shunt ranged from zero to 30 per cent in Saccharo- 
myces cerevisae, and in Torula utilis from 30 to 50 per cent. Under anaerobic 
conditions, at least 95 per cent of the glucose was catabolized via the Emden- 
Meyerhof pathway. 


From pyruvic acid on, there is not complete agreement regarding the 
relative importance of the condensing enzyme system leading through the 
tricarboxylic acids to succinic acid, compared with the direct formation of 
succinic acid from acetyl coenzyme A (the dicarboxylic or Thunberg-Wieland 
cycle) as respiratory pathways. It has by several, particularly earlier, workers 
been felt that the main purpose for the operation of the Krebs cycle in yeast 
was to produce metabolites needed in cellular synthesis (cf. Krebs, 1943). 
However, as better methods for obtaining cell-free preparations of yeast 
have been developed, and evidence in tracer experiments is collected, the 
importance of the tricarboxylic cycle as ordinary oxidative route has been 
reconsidered (Guzman Barron and Ghiretti, 1953, Nossal, 1954 a and c). 


Otherwise, the knowledge of the breakdown pathways of carbohydrates 
in fungi is very scanty. Evidence for the operation of a condensing enzyme 
system forming citric acid from acetyl coenzyme A and oxalacetic acid in 
Aspergillus niger was obtained by Ramakrishnan and Martin (1954 a and b). 
Earlier, Urba and Burger (1952) were not able to find a correlation between 
coenzyme À activity and the formation of citric acid. In Blastocladiella 
emersonii, Cantino and Hyatt (1953) have demonstrated the presence of the 
tricarboxylic acid cycle. 


C. The Oxidation of Acetate. The Effect of Heavy Metals as 
Synergists for Na-DMDT 


One of the enzymatic sequences in the oxidation of glucose consists of the 
oxidative decarboxylation of pyruvic acid, with the formation of acetyl 
coenzyme A. Following the formation of this compound, a transacetylation 
takes place, either mediated by the condensing enzyme and leading to the 
formation of citric acid, or by another not yet completely understood 
mechanism, leading to the formation of succinic acid (or succinyl coen- 
zyme A). In order to study the direct combination of acetate with coenzyme 
A, together with the cyclophorase part of the respiratory scheme, some experi- 
ments were done with acetate as the C-source. (Evidence for the oxidation 
of acetate in yeast via acetyl coenzyme A and the tricarboxylic route has 
been furnished by Guzman Barron and Ghiretti (1953) and by Nossal 
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(1954 c)). Further, Novelli and Lipmann (1947) have demonstrated the 
importance of coenzyme A for the oxidation of acetate in yeast. Acetyl coen- 
zyme À was also isolated for the first time from yeast (Lynen, Reichert and 


Rueff, 1951). 

It was found that the yeast used for these experiments oxidized acetate 
rapidly, and with a brief lag period. It has been noted by Eaton and Klein 
(1954) that Saccaromyces cerevisiae cannot oxidize acetate in the early 
logarithmic phase, although the oxidation in the late logarithmic and the 
stationary phase may be as rapid or more so, as with glucose as the C-source. 
The acetate assimilation, measured by tracer technique, was found to pro- 
cede rapidly even in the early growth phases. Similarly, Vignais and Vignais 
(1954) found only a slight acetate oxidation by Escherichia coli in the early 
logarithmic phase. At the end of the first third of the logarithmic phase they 
found lag periods of 30 minutes, and at the end of the logarithmic phase a 
rapid oxidation without lag. The yeast used in the respiration experiments 
may.in accordance with these results be stated physiologically to be in the 
stationary state of growth. This is quite natural, since the factory producing 
the yeast certainly makes use of the full period of logarithmic growth, to 
obtain as high a yield as possible. 


The results from the respiratory experiments showed that the acetate 
oxidation was considerably more sensitive towards Na-DMDT than was the 
glucose oxidation. 


This led to further studies of the effect of Na-DMDT on the oxidation of 
acetate. By chance it was observed that the inhibition was strongly increased 
when a complete mineral salt solution (solution 1, p. 738) was added to the 
phosphate buffer. In this case, marked inhibition occurred at concentrations 
as low as those that caused growth inhibition. 


To find out which of the components in the salt solution was responsible 
for the synergistic effects, a screening experiment was made, in which the 
various compounds were added to the yeast suspensions in the Warburg 
flasks, Na-DMDT being tipped in from the side arm. Figure 18 shows that 
zinc plays a dominant role as synergist, followed by iron, and the trace 
elements in the tap water (probably iron). The effects of zinc and copper 
were then studied more closely. (Figures 19 and 20). 


As the addition of zinc sulfate or cupric sulfate to a phosphate buffer 
probably makes it very unbalanced, and depresses the metabolic rates, 
a study was made of how the respiration of acetate was affected by various 
concentrations of these salts. Figure 21 shows that both salts, but particularly 
cupric sulfate, inhibit the respiration. The curves in figures 19 and 20 should 
consequently be somewhat corrected to give a true picture of the effect of 
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Figure 18. The oxygen uptake in 
yeast suspensions with 0.1 M so- 
dium acetate as the C source. 
Curves marked b: Na-DMDT 
(100 uM/l) added after 1 hour. 
Curves marked a are control 
curves without Na-DMDT. Phos- 
phate buffer, to which has been 
added: Curves 1, 40 °/o of the 
mineral salt solution. Curves 2, 
500 mg KCI per liter. Curves 3, 
10 mg FeSO, per liter. Curves 4, 
40 °/o tap water. Curves 5, 10 mg 
CuSO, - 5H20 per liter. Curves 6, 
10 mg ZnSOy per liter. 
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Figure 19. The oxygen uptake in yeast sus- 
pensions with 0.1 M sodium acetate as the 
C-source, and with varying concentrations 
of Na-DMDT and zinc sulfate. Curve 1, no 
zinc sulfate. Curve 2, 25 uM, and curve 3, 
50 uM zinc sulfate. Ordinate: the oxygen 
uptake in the period 0—4 hours after the 
addition of Na-DMDT in per cent of that 
without Na-DMDT (but with the same zinc 
sulfate concentration) 


150 200 2 
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the dithiocarbamate complexes alone. Thus, the curves in figure 20 would 
probably approach the value 100 per cent at higher concentrations of Na- 
DMDT. 

Turning first to the curves in figure 19, where zinc sulfate has been added 
as the single heavy metal salt, it is seen that the inhibitory effect is dependent 
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Figure 20. The oxygen uptake in yeast 
suspensions with sodium acetate as the C- 
source, and with varying concentrations of 
Na-DMDT and cupric sulfate. Curve 1, 
50 uM, curves 2 and 3, 25 uM cupric sul- 
fate. Ordinate: as in fig. 19. 
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Figure 21. The oxygen uptake of yeast sus- 
pensions with 0.1 M sodium acetate as the 
C-source, at various concentrations of zinc 
sulfate and cupric sulfate. Ordinate: oxygen 
uptake in the period 0—4 hours in per cent 
of that without added heavy metals. Abscissa: 
concentrations of the respective heavy metal 
salts in umoles per liter. 


on the amount of Zn-DMDT formed. But it cannot be stated whether the 
effect is dependent on the 1:1 or the 1:2 complex, or on both. Seemingly, 
Na-DMDT or the DMDT ion itself has only a slight effect. This can be 
explained by the fact that the DMDT ion is unstable, and it may be hydro- 
lyzed before having time to act, if no chelating heavy metals are present. To 
check this, an experiment was done in which zinc sulfate was added from 
the side arm after 2 hours, the main compartment of the flask containing 
yeast suspension with Na acetate and 100 uM Na-DMDT. The curves obtained 
are seen in figure 22. They show that for the most part, Na-DMDT must 
have been rendered unavailable during the time of incubation. There is, 
however, a definite increase in inhibition following the addition of zine 
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Figure 22. The oxygen uptake of 
yeast suspensions with 0.1 M so- 
dium acetate as the C-source. 
At start, 100 uM Na-DMDT was 
added in one series (curve 2). 
After 2 hours, zinc sulfate to a 
final concentration of 50 uM per 
liter was added in both series. 
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sulfate, demonstrating that even if the instability of Na-DMDT is accounted 
for, Zn-DMDT is quite a lot more toxic than Na-DMDT. 

We shall now turn to the curves in figure 20, which gives the results from 
the experiment with cupric sulfate as the sole heavy metal added. The rather 
peculiar shape of these curves should be considered in view of the discussion 
in Chapter IV A. It will be remembered that it was found that the formation 
of the ordinary 1:2 complex of Cu-DMDT probably must pass over the 1:1 
complex, which, under the conditions used in the experiments reported on 
p. 745 (figure 8) had a maximal concentration when 5—8 umoles Na-DMDT 
- per liter were added. From this comparison, the conclusion must be drawn 
that Cu-DMDT (1:1) exerts a very inhibitory action on the oxidation of 
acetate, while Cu-DMDT (1:2) must be absolutely non-toxic, perhaps 
because of its low solubility. 


D. The Inversion Phenomenon 


In a mixture of zinc and cupric salts the formation of Zn-DMDT com- 
plexes can only take place when all cupric ions have been bound as Gu- 
DMDT. owing to the greater stability constants of the latter compound. 
From this can be concluded that in a mixture of these salts, the effect of 
Na-DMDT on acetate oxidation will be dependent on the Na-DMDT-con- 
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Figure 23. The oxygen uptake of yedst suspensions with sodium acetate as the C-source, 
as a function of the concentration of Na-DMDT, and under different conditions. Curve 1, 
1 gram yeast per liter, 20 uM zinc and 20 uM cupric sulfate. Curve 2, 200 mg yeast per 
liter, 20 °/o mineral salt solution. Curve 3, 20 uM zine and 20 uM cupric sulfate per liter, 
2 grams yeast per liter. Curve 4, 2 grams yeast per liter, 20 °/o mineral salt solution. 
Curve 5, 1 gram yeast per liter, 20 °/o mineral salt solution. Curve 6, 200 mg yeast per 
liter, 20 uM zinc and 20 uM cupric sulfate per liter. Ordinate: oxygen uptake during 
4 hours in per cent of that without Na-DMDT. 


centration in a manner giving a typical inversion phenomenon, and the area 
corresponding to no effect will lie at the concentration of Na-DMDT, which 
is equivalent to the cupric ions for the formation of Cu-DMDT (1:2). 

A number of experiments verified this. Some of the curves are shown on 
fig. 23. 

Thus, it has been shown that a phenomenon, corresponding in effect very 
closely to the inversion phenomenon reported by a number of authors on the 
growth of microorganisms in the presence of dithiocarbamyl compounds, can 
be demonstrated on the acetate oxidation of yeast by Na-DMDT. It is 
dependent on the formation of the following heavy metal complexes: Cu- 
DMDT (1:1), causing the inhibition at lower concentrations of Na-DMDT, 
Cu-DMDT (1:2), causing reversal of the inhibition, and Zn-DMDT com- 
plexes, causing new inhibition. 


By chemical analogy, it may be concluded that Fe-DMDT and Mn-DMDT 
will act similarly to Zn-DMDT in this scheme. 
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Figure 24. The oxidation of 
acetate by yeast. Start con- 
centration of acetate, 0.001 M 
(2 umoles in each flask). 
Phosphate buffer with mine- 4 
ral salt solution added. Curve = 
1, control without Na-DMDT. , NaAC 


Curves 2—4, with 1, 10, 100 
uM Na-DMDT added, respec- 
tively. Curve 5, endogenous 
respiration (without acetate). 


| 
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Many of the seemingly controversial results reported in the literature 
regarding, e.g. on one hand the antagonistic action of cupric salts to the 
toxicity of Na-DMDT, and on the other, the fungitoxicity of Cu-DMDT, can 
be explained in the light of these findings. 

The results of Raalte (1952) are interesting in this case, since from them 
it seems that he was near a discovery of the connection between the cupric 
ions and the inversion phenomenon (see his tables 2 and 3). A brief com- 
munication of these findings has previously been published (Goksoyr, 1955). 

Of course great care must be taken before the results reported here are 
taken as valid explanation for the growth phenomenon. For instance, there 
can be little doubt that at concentrations of Na-DMDT above the inversion 
point, a lack of copper may be as limiting for the growth as is the effect of 
Zn-DMDT. 

The effect of the concentration of the yeast suspension on the degree of 
inhibition was studied in some experiments. The curves obtained are also 
shown on figure 23. They are not very decisive. It is generally noted that 
the degree of inhibition of the Cu-DMDT (1:1) is extremely variable in all 
experiments. The reason for this is not quite clear. Part of the reason may 
be that the yeast cells carry varying amounts of heavy metals with them, 
probably absorbed on the surface. 

The degree of inhibition was found to be practically independent of the 
acetate concentration. It did not differ significantly with acetate concentra- 
tions of 0.1, 0.01 and 0.001 M. Figure 24 also shows clearly that even when 
the available acetate decreases to zero, the degree of inhibition does not 
increase. In fact, a stimulation seems to occur. Even if, because of the long 
time which the experiment lasted, the dithiocarbamate concentration should 
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Table 5. The effect of incubation with calcium pantothenate on the inhibition of acetate 
oxidation by dithiocarbamate in yeast. See the text for details. 


| Pantoth. Acetate Na-DMDT (OP ‚Corrected for %, inhibition 
| Flask No. treated added | added consumption, endogenous u 
he eS ee 
| 1 + No. No. 87.5 
| 2 5. 4 p-moles > 161.5 74.0 
| 3 + » » 151.5 64.0 
| 4 + » » 158.0 70.5 
| 5 + » 2 p-M 108.0 20.5 | 60.5 
| 6 + > » | 115.0 27.5 | 
i Se No. No. | 78.0 | 
| 8 = 4 p-moles > 151.5 73.5 
| 9 _ > > | 155.5 77.5 | 
| 10 = > > | 146.0 | 68.0 

11 — » 2 p-M | 88.0 | 10.0 | 84 

12 = = | x | 91.0 13.0 


be considerably lower at the end of the experiment than at the start, it would 
seem quite clear that the inhibition cannot be due to a competition between 
acetate and dithiocarbamate. 

Novelli and Lipmann (1947) found that incubation with pantothenic acid, 
resulting in an increase in the coenzyme A content, led to an increased ability 
of yeast to oxidize acetate. 

An attempt was made to find out whether a similar treatment resulted in 
a reduced degree of inhibition of the oxidation of acetate by dithiocarba- 
mates. 

A yeast suspension, containing 2 grams fresh weight per liter in a phos- 
phate buffer of pH 6.2 and with 0.5 per cent glucose added, was shaken 
overnight at room temperature, one portion with 50 mg caleium pantothenate 
per liter added, another without. The next day the yeast was washed, trans- 
ferred to new buffer solutions with 20 uM cupric sulfate and 50 uM zinc 
sulfate added. 2 ml samples of the suspensions were transferred to Warburg 
flasks, and 0.2 ml 20 uM Na-DMDT added. In the side arms were placed 
0.2 ml 0.02 LM sodium acetate. The flasks were tipped one hour after the 
readings had started. 

The results are seen in table 5. They show that the respiratory rate has not 
been increased, but it seems as if a significant reduction of the inhibition 
has occurred after the treatment with calcium pantothenate. This might 
permit the conclusion that increase in the coenzyme A content results in a 


lower sensitivity of the acetate oxidation mechanism in yeast towards the 
dithiocarbamyl compounds. 
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Figure 25. The oxygen uptake of yeast sus- 
pensions with 0.1 M sodium acetate as the 
C-source, at various concentrations of Na- 
DPDT (curve 1), Na-DEDT (curve 2) and Na- 
DMDT (curve 3). To the substrate was added 
20 uM zinc sulfate. Ordinate: oxygen uptake, 
in per cent of that without dithiocarbamates 
during 0—4 hours. 
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E. The Effect of Other Dithiocarbamyl Compounds on the 
Acetate Oxidation 


Since it now has been possible to demonstrate an inhibition by Na-DMDT 
on a particular metabolic scheme at concentrations whose order of magnitude 
corresponds to those causing growth inhibition, and with a similar pattern 
of action, it was thought worth while to use the acetate oxidation as a model 
system, and also to study the effect of Na-DEDT, Na-DPDT, TMTD and 
TMTM on this system. 

A screening experiment showed that for all, the inhibition increased when 
a complete salt solution was added to the substrate. 

In the presence of 20 uM zinc sulfate, the inhibition of dithiocarbamates 
decreased in the order methyl >ethyl>propyl. This can be seen from 
figure 25. 

With TMTD, it would be of particular interest to see if heavy metal salts 
had any action, since this would furnish evidence as to whether TM ED acts 
~ as such or only in reduced form. Experiments were therefore done to com- 
pare the effect on the acetate oxidation in the absence of heavy metal salts, 
and in the presence of 50 uM zinc sulfate and 50 uM cupric sulfate. Figure 26 
shows that TMTD in itself must have an inhibitory action, as the inhibition 
increases continually with increasing concentrations above 20 uM TMTD. 
An inversion effect is seen at lower concentrations, with the first inhibition 
maximum around 1—2 uM TMTD. However, when zine has been added, the 
inversion effect has disappeared, and the inhibition is considerably increased. 
With cupric ions present, the inversion effect is somewhat more pronounced, 
and a seemingly stimulatory effect seen around 20 uw TMTD. From there 
on, the curve follows closely that of TMTD alone. 
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Figure 26. The oxygen uptake of yeast sus- 
pensions with 0.1 M sodium acetate as the 
C-source, at various concentrations of TMTD. 
Ordinate: oxygen uptake during 0—4 hours 
in per cent of controls without TMTD. Curve 
1, no heavy metals added. Curve 2, 50 uM 
cupric sulfate added. Curve 3, 50 uM zinc 
sulfate added. Curve 4, no heavy metals added. 
Curve 5, 50 uM Na-DMDT, no heavy metals 
added. 
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These findings can best be explained by assuming that TMTD is totally 
reduced at lower concentrations, and partly reduced at concentrations above 
20-30 uM. At the lower concentrations, traces of cupric ions have probably 
caused the inversion phenomenon. In some cases such traces were found 
to come from the acetone used as solvent for TMTD. To check whether the 
inversion effect really was due to the formation of Cu-DMDT (1:1), the 
experiment was repeated with TMTD dissolved in tetra. To one series was 
added 50 uM Na-DMDT. This would transfer all copper present to inactive 
Cu-DMDT (1:2). Curves 4 and 5 in figure 26 show that with the purified 
system there are still traces of inversion effect to be seen, but the addition 
of Na-DMDT has led to a complete disappearance of the effect. This seems 
to prove that the inversion effect with TMTD is due to reduction of TMTD 
and the formation, successively, of Cu-DMDT (1:1) and Cu-DMDT (1:2). 


The technical difficulty of adding the sparingly soluble TMTD to the yeast suspen- 
sion in the Warburg flasks was overcome in the following manner: to the dry and 
empty flasks were added the desired amounts of TMTD dissolved in acetone 
(or tetra). The solvent was evaporated by placing the flasks in a drying cabinet at 
60° C for a few minutes. Thereafter the yeast suspension to which acetate and, in 
some cases, heavy metal salts had already been added, was pipetted in to the flasks. 


The effect of TMTM is seen from figure 27. The curves show that TMTM 
in itself is not inhibitory to the oxidation of acetate at concentrations below 
200 uM, but that its decomposition products in combination with zine ions 
are inhibitory, and are even more so in combination with cupric ions. This 
indicates a hydrolysis, resulting in the formation of small amounts of DMDT 
ions which may combine with zinc or cupric ions. 
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Figure 27. The oxygen uptake of yeast suspensions with 0.1 M sodium acetate as the 

C-source, at various concentrations of TMTM. Ordinate: oxygen uptake in per cent of that 

without TMTM, in the period 0—4 hours. Curve No. 1, no heavy metals added. Curve 

No. 2, 50 uM zine sulfate added (a and b denote two different experiments). Curve No. 3, 

50 uM cupric sulfate added. Curve No. 4, 50 uM Na-DMDT, no heavy metals added. 
Curve No. 5, no heavy metals added. 


An experiment was also done to compare the inversion effect in the pre- 
sence of TMTM and 50 uM Na-DMDT with that in the presence of TMTM 
alone. Curves 4 and 5 in figure 27 show clearly that Na-DMDT counteracts 
the inversion, which must thus be due to Cu-DMDT (1:1). It is worth while 
to note that the inversion part of curves 1 and 2 is drawn out along the 
abscissa, compared with Na-DMDT and TMTD. This is in agreement with 
the assumption of a slow hydrolysis of TMTM, leaving only a fraction of the 
compound active at a time. 


F. The Effect of Histidine and Chelating Agents on the 
Na-DMDT Action 


Sijpesteijn and van der Kerk (1951) found that L-histidine counteracted 
the effect of dithiocarbamyl compounds. Since in the previous experiments 
the role of heavy metals in the action of the dithiocarbamyl compounds has 
been revealed, attention was now turned towards a possible mechanism by 


which histidine might act. 
The value of log k,k, for the cupric complex of histidine is given (Martell 
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Table 6. The effects of D,L-histidine and Versene on the inhibition of acetate oxidation by 

yeast suspensions, caused by Na-DMDT and heavy metal salts. The experiments me 

histidine have been carried out in phosphate buffer to which was added 20 uM cupric 

sulfate and 40 uM zinc sulfate. The experiments with Versene were carried out in a phos- 

phate buffer with 50 uM zinc sulfate alone. — The figures given in the table show the 

oxygen consumption during the period 0—4 hours after addition of Na-DMDT from the 
side arm to the yeast suspension in the main compartment of the flask. 


TS 


| Na-DMDT | Exp. 1 = B Exp. 2 B | Exp. 3 me 
| 1 0, i O, ul O | plo, ul O, plO, | 
cones ui) ne hist. 1 au hist. no hist |25 mM hist.| no Vers. |5 mM Vers. | 
| | | | 
0 55.0 102.0 64.5 | 100.5 122.5 | 96.5 | 
| | 102.5 
| 2 45.5 94.5 45.0 77.0 | | 
| 5 24.5 43.0 43.0 57.0 | 
| 10 10.5 355 73.0 42.0 | 
50 60.0 58.9 | 76.0 67.5 | | 
100 26.0 440 | 9.0 36.0 | 20.0 | 86.0 
| | 92.0 | 


and Calvin, 1952) as 18.33, and for the zinc complex as 12.88. These values 
are probably higher than the corresponding values for Cu-DMDT and Zn- 
DMDT (for the last complex a rough approximation gave a value around 9). 
Thus, in the presence of excess histidine, and at higher pH values, (the con- 
centrations used by Sijpesteijn and van der Kerk were 0.04 per cent and 
more; that is approximately 2.5 mM histidine, or one thousand times the 
concentration of the fungicide), the heavy metals may mainly combine with 
histidine, and thus inactivate the dithiocarbamyl compounds. 

Experiments to see whether this explanation wouid hold true were, 
accordingly, carried out, with Na acetate exidation as the model system. In 
these experiments, DL-histidine was used. Additional experiments were also 
carried out with Versene (ethylene-diamine-tetraacetic acid) as another 
chelating agent. The results are compiled in table 6. The effect of Versene as 
competitor for zinc ions is very obvious, but the effect of histidine is not so 
clear. A distinct action has occurred, but it is very far from eliminating the 
total effect of the heavy metals added. It should be noted that Sijpesteijn 
and van der Kerk only found an effect of histidine on the first zone of 
growth inhibition, and absolutely no effect on the second zone. The effect 
found on the acetate oxidation seems to result in a flattening of the inversion 
area, and a similar effect might well in a qualitative growth experiment be 
interpreted as a counteraction of the first zone of inhibition. These con- 
siderations would also give a very natural answer to the findings later 
published by Sijpesteijn and van der Kerk (1954b), that a variety of 
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Table 7. The effect of Zn-DMDT on different oxidative processes in intact yeast cells. 
Standard procedure: 1 gram fresh yeast suspended per liter in phosphate buffer of pH 6.3, 
to which was added 0.1 M of the carbon source and 50 uM zinc sulfate. Enough Na-DMDT 
to give a final concentration of 100 uM was tipped in from the side arm at the start of the 
experiment. The values for uptake of oxygen or carbon dioxide evolution given in the 
table are those measured in the period 0—4 hours after the addition of Na-DMDT. For 
calculation of the inhibition, the values are corrected for endogenous respiration, deter- 
mined by blank experiments without C-source. 
aE EE 


Without ; i 2 
C.-source Na-DMDT Endogenous Be Endogenous % inhibition} 
| | —— 2, 
| 
Glucose, aerobic ...... 119.5 | 14.5 | 73.0 15.5 | 45 | 
Glucose, anaerobic... 210.0 | | 97.0 : | 54 
(CO,evolution) | | 
hante il. 24) LEN Tee OPA À 610 ss 15.6 57 
| | 
| (20.0) 12.5 | 28.0 | 14.0 | 15 
ur : | 28.0 12.5 27.0 14.5 | 
S a | | \ 
uccinic acid...... | 305 140 980 | 15.0 er 
| 24.0 | 325 | 29.5 
ER 395 | 240 | 420 | 20,5 | 10 
Butyrictacid 225. 2s: | 155 55 | 18.0 70 | 0 
| 24.5 20.0 | 33.0 22.0 == 
IByrosiner ne. 31.5 | 20.0 | 33.0 22.0 0 
| 26.5 | 12.5 | 34.5 14.5 | — 
| | | 
PCEUC™ NCIC ereeen 105.0 | 14.5 | 29.0 | 15.5 84 


imidazole compounds are able to counteract Na-DMDT. All the compounds 
found to be effective are powerful chelating agents. 


G. The Effect of Na-DMDT on Various Oxidative Processes in Intact Cells, 
in Comparison with the Effect on the Acetate Oxidation 


Following this comparatively detailed study of the effect of the dithio- 
“ carbamyl compounds on the oxidation of acetate, it was natural to compare 
the effect on different oxidative processes, as measured on intact cells. 

As a standard procedure for these investigations, it was decided to use a 
yeast suspension with 1 gram yeast fresh weight per liter, 50 uM zine sulfate 
in the phosphate buffer of pH 6.3, and 100 uM Na-DMDT, added from the 
side arm. 

Glucose Oxidation. — First of all, the effect of Na-DMDT on the respira- 
tion of glucose was investigated anew. This had to be done, to see if the 
difference in sensitivity found between the oxidation of acetate and glucose 
merely could be due to heavy metal impurities in the former. However, it 
was invariably found that, even if also a considerable inhibition of the glucose 
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= Figure 28. The oxygen uptake of 
yeast suspensions with ethanol as 
the C-source. A total of 3 umoles 
was added to each flask at zero 
time. Curve 1, without Na-DMDT. 
100 Curve 2, with 100 uM Na-DMDT. 
50 uM zinc sulfate in the substrate. 
Line A denotes the theoretical oxy- 
gen uptake needed for complete 
oxidation of the added ethanol to 
carbon dioxide and water, while the 
line B denotes the amount needed 
for oxidation to acetaldehyde. Line 
C indicates the initial oxidation 
velocity of curve 1. 


eee 


| 2 3 
——— TIME IN HOURS 


oxidation occurred under the conditions now used, the inhibition of the 
acetate oxidation was stronger. The results from these and the following 
experiments are compiled in table 7. 

The Anaerobic Fermentation of Glucose. This was in the same medium 
found to be inhibited to the same, or a somewhat higher degree than the 
aerobic oxidation (table 7.). 

Ethanol, Acetaldehyde Oxidation. An attempt was made to compare the 
inhibition of the oxidation of ethanol, acetaldehyde and acetate. It was found 
difficult to use acetaldehyde in the Warburg flasks, as it distilled into the 
alkali-cup, where it condensed to form a brownish product. This series there- 
fore had to be omitted. But the oxidation of ethanol was found to be less 
inhibited than the oxidation of acetate. In this experiment, the substrate con- 
centration was 0.1 M, and as the possibility existed that the ethanol was 
oxidized only to acetaldehyde, the experiment was repeated with a total of 
3 umoles ethanol in each flask, added from the side arm. Oxidation to acet- 
aldehyde would then cause an oxygen uptake of 33.5 ul, whereas the com- 
plete oxidation to carbon dioxide and water would need 202 ul. 

Figure 28 shows an oxygen uptake considerably in excess of the first 
value, indicating a complete oxidation of the ethanol. The inhibition in this 
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Figure 29. The oxygen uptake and carbon dioxide 
evolution of yeast suspensions to which have 
been added a total of 3 umoles ethanol per flask. 
The yeast suspension in this particular experi- 
ment contained 2 grams per liter. 50 uM zinc 
sulfate in the substrate. Curves la and 2a, oxy- 
gen uptake with and without 20 uM Na-DMDT. 
Curves 1 b and 2b, carbon dioxide evolution with 
and without 20 uM Na-DMDT. 


| 2 3 
——> TIME IN HOURS 


experiment, if maximal oxidation ratios are used for the calculation, is 59 
per cent, agreeing with the values found with higher concentrations of 
ethanol (table 7). 

As another method of following the steps in the ethanol oxidation from the 
level of acetic acid and onwards, the evolution of carbon dioxide was deter- 
mined. In this experiment slightly different conditions were used, viz. 2 grams 
of yeast per liter, and 20 uM Na-DMDT, 50 uM zinc sulfate. The curves in 
figure 29 show a slight lag in the CO, evolution compared with the oxygen 
uptake, indicating the time needed for accumulation of a sufficient amount 
of acetic acid to start the further oxidation. It should be noted from this 
experiment that there is not a significantly greater inhibition of the carbon 
dioxide evolution than there is of the oxygen uptake, indicating that except 
for the first link in the oxidative sequence, little or no inhibition has occurred. 

From the various findings reported in the literature regarding the mecha- 
“nism of the ethanol oxidation, little doubt can exist about acetic acid or 
acetyl coenzyme A as an intermediate. The striking difference in sensitivity 
of the acetate oxidation to Zn-DMDT, depending on whether the acetate is 
supplied externally or formed internally, is very remarkable. 

An interesting observation to be made from the curves in figure 29 is that 
the reaction inactivation which occurs normally under the conditions used 
here has been partially counteracted by Na-DMDT. The same observation 
was made with the oxidation of lactic acid (see later). TMTD did not affect 
the oxidation of ethanol more than Zn-DMDT. 

Suceinie Acid Oxidation. The oxidation of succinic acid was followed 
under the standard conditions. In spite of the high pH value, which is 
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Figure 30. Oxidation of ascorbic acid by a yeast 
suspension in phosphate buffer of pH 6.2. So- 
dium ascorbate added from the side arm at zero 
time, to give a final concentration of 0.1 M. 
Curve 1, control curve with intact cells and with- 
out Na-DMDT. Curve 2, intact yeast cells, 100 uM 
Na-DMDT added to the main compartment be- 
fore the ascorbate. Curve 3, boiled yeast suspen- 
sion. Curve 4, boiled yeast suspension to which 
has been added 100 uM Na-DMDT. 


' 2 3 4 5 
——— TIME IN HOURS 


unfavourable for the permeation of succinic acid, a slight but definite increase 
in respiration above the endogenous was observed. The differences were too 
small, however, to permit calculation of the degree of inhibition with cer- 
tainty, but the results given in table 7 indicate that the inhibition is at least 
very slight. 

Ascorbic Acid Oxidation. The enzyme ascorbic acid oxidase has been 
reported to be present in yeast by Tadokoro and Sakurai (Dawson and 
Tarpley, 1951). This is somewhat peculiar, since fungi have been reported 
to lack ascorbic acid. 

In the present experiments, rapid oxygen uptake invariably followed the 
addition of sodium ascorbate to a yeast suspension of pH 6.2 in phosphate 
buffer. The oxygen uptake curves, of which curve No. 1 in figure 30 is 
representative, show the characteristics for the enzymic oxidation of ascorbic 
acid: A rapid initial reaction rate, soon followed by inactivation of the 
enzyme. After boiling, the initial rapid oxidation rate disappears (curve 3 
in the same figure), and it would be natural to ascribe the linear rate 
obtained to non-enzymatic oxidation. 

However, more detailed investigations have made the author very doubtful 
as to whether these curves actually demonstrate the presence of ascorbic 
acid oxidase in yeast. In these investigations, it was found that when to the 
phosphate buffer was added 10 uM cupric sulfate, a curve similar to No. 1 
in fig. 30 was obtained with intact yeast suspension. In boiled yeast suspen- 
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Figure 31. The oxidation of ascorbic acid by yeast suspensions in phosphate buffer of 
pH 6.2, to which has been added 10 uM cupric sulfate per liter, and 20 uM zinc sulfate. 
Sodium ascorbate added from the side arm at zero time, except for curves 11 and 12, 
where it was added after 1/2 hour, to a final concentration of 0.1 M. Curve 1, control 
with intact yeast and no Na-DMDT. Curves 2, 3, 4, 5, 6, 7, 8, intact yeast with respectively 
1, 2, 5, 10, 30, 50, and 100 uM Na-DMDT. Curve 9, boiled yeast suspension with no 
Na-DMDT. Curve 10, boiled yeast with 100 uM Na-DMDT. Curves 11 and 12 represent 
a second experiment with a new yeast suspension, but otherwise the same conditions. 
Curve 11, intact yeast suspension. Curve 12, the phosphate buffer with cupric sulfate 
and zine sulfate only. 


sion and in the phosphate buffer alone, oxygen uptake curves were then 
obtained, which at the start had a somewhat lower rate than in the presence 
of intact yeast. But as these were linear, or with a slightly increasing rate, 
the oxygen uptake velocity after about 1 hour and onwards was considerably 
higher than in the intact yeast suspensions (Figure 31). 

The only possible explanation seems to be that in the intact yeast suspen- 
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sions, the copper compounds catalyzing the oxidation of ascorbic acid are 
after some period of time unavailable for this reaction. But this does not 
necessarily mean that these compounds are enzymes. It seems very difficult 
on the basis of the curves in figures 30 and 31 to conclude anything regarding 
the catalytic nature of the ascorbic acid oxidation, as it is difficult to predict 
in a cell suspension how much of the copper content under different condi- 
tions and after various treatments actually is available for the direct catalytic 
oxidation, and accordingly, how much of the oxidation rate must be ascribed 
to catalytic activities stronger than those of the simpler cupric complexes. 
The method of studying whether or not hydrogen peroxide is formed* during 
the oxidation is not usable, owing to the catalase content of the yeast cells. 

It should briefly be mentioned that Na-DMDT in low concentrations 
inhibited the oxidation of ascorbic acid completely, both the seemingly 
enzymatic oxidation illustrated in figure 30, and the obviously non-enzymatic 
one in figure 31. 

Polyphenol Oxidation. Attempts were made to determine the oxidation 
of L-tyrosine and catechol by yeast suspensions. With catechol, a slight and 
steady, most probably non-enzymatic oxygen uptake was recorded. It was 
not affected by Na-DMDT in concentrations of 100 uM and below. With 
L-tyrosine, a slight oxygen uptake in excess of the endogenous respiration 
was also found, and again here it was unaffected by Na-DMDT. Results are 
seen in table 7. It should be recalled that James and Garton (1952) found 
85 per cent inhibition of fungal polyphenolase by 200 uM Na-DEDT. 

Lactic Acid Oxidation. When lactic acid is added to a yeast suspension, 
a fairly rapid oxygen uptake takes place. The first step in the oxidation leads 
to pyruvic acid, which further is oxidized to carbon dioxide and water by 
the normal respiratory route. 

The lactic acid dehydrogenase belongs to the small and interesting group 
of dehydrogenases which are directly coupled with cytochrome c. By the 
early workers in this field (Dixon and Zerfas, 1939, Bach, Dixon and Keilin, 
1942, Bach, Dixon and Zerfas, 1942), it was found that a haem-protein. by 
them called cytochrome b,, was an essential part of the enzyme system. Due 
to the instability of their preparations, however, they were not able to 
demonstrate conclusively whether the haem-protein also carried the dehydro- 
genase activity, or whether it was an essential intermediate carrier. y 

Recently, Appleby and Morton (1954) have prepared highly purified and 
crystalline cytochrome b,, and shown that the haem group (protohaem) is 
bound to the same protein molecule which has the lactic acid dehydrogenase 
activity. The prosthetic group for the latter is by them tentatively concluded 
to be a flavin mononucleotide. 

The effect of Zn-DMDT on this rather unique enzyme was studied under 


on 
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Figure 32. The oxygen uptake of a 
yeast suspension with sodium lac- 
tate (50 umoles per flask), or sodium a 
acetate (10 umoles per flask) as the 
C-source. 50 uM zinc sulfate in the 
substrate. Curve la, sodium ace- 
tate alone. Curve 1b, sodium ace- 
tate with 100 uM Na-DMDT. Curve 
2a, sodium lactate alone. Curve 2b, 
sodium lactate with 100 uM Na- 


DMDT. Curve 3, endogenous oxygen ie end. 
uptake. 3 =: 5 
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the normal conditions. Parallel experiments were done with acetate to com- 
pare the degree of inhibition. In some of the experiments only oxygen uptake 


"was measured, and in others both oxygen uptake and carbon dioxide evolu- 


tion (in order to follow the further oxidation of pyruvic acid). In calculation 
of the carbon dioxide evolution, no correction for the retention was made. 
The parallel experiments with acetate indicated, however, a retention of 
about 20 per cent (RQ calculated to 0.80—0.83 instead of the theoretical 
value 1.0). 

In figure 32 the curves for the oxygen uptake following the addition of 
50 umoles sodium lactate per flask are compared with those for oxygen 
uptake following the addition of 10 umoles sodium acetate, with and without 
Zn-DMDT. It is seen that Zn-DMDT inhibits the oxidation of lactate to a 
considerably smaller degree than it does the oxidation of acetate. As an 
interesting fact it is noted that the decline in activity in the control flasks 
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ut Figure 33. The oxygen uptake and car- 

80 a bon dioxide evolution of a yeast sus- 
pension with sodium lactate (50 umoles 

60 20 per flask) as the C-source. 50 uM zinc 
sulfate in the substrate. Curves 1 a and 

40 2b 2a, oxygen uptake without and with 
100 uM Na-DMDT. Curves 1b and 2b, 

20 carbon dioxide evolution without and 
with 100 uM Na-DMDT. All curves cor- 

: 4 4 1 rected for endogenous respiration. 


2 3 4 
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(probably due to a reaction inactivation) has disappeared after the addition 
of the dithiocarbamate, so that after 4 hours, the rate in the controls is lower 
than when Zn-DMDT is present. 

Figure 33 shows that the carbon dioxide evolution would correspond to a 
slightly slower oxidation of pyruvic acid than the velocity at which it is 
formed from lactic acid. But this difference may also be due to retention. 
In any case, the carbon dioxide evolution has not been inhibited further than 
the oxygen uptake, showing that no significant inhibition of the oxidation 
of pyruvic acid has occurred. 

D-amino Acid Oxidation. Attempts to add D-alanine to intact yeast suspen- 
sions did not result in increased oxygen uptake above the endogenous 
respiration. 

Glutamic Acid Oxidation. Likewise, glutamate addition gave so small an 
increase in the oxygen uptake above the endogenous, that no safe conclusions 
regarding the effect of Zn-DMDT could be drawn. 

Butyric Acid Oxidation. The oxidation of fatty acids in animal liver and 
in certain bacteria has been clarified in the last couple of years. The sequence 
of breakdown of butyric acid has been shown to be as follows in animal 
tissues (Beinert et al, 1953): 


, ATP OA 2€ 
Butyric acid + Butyryl CoA —- 
; H,O DPN 
Crotonyl CoA > P-hydroxybutyryl CoA ———-+ 
| CoA 2 Malate,DPN 
Acetoacetyl CoA + 2 Acetyl CoA — ee. 2 Citrate 


Of the various enzymes catalyzing this sequence, the butyryl CoA dehydro- 
genase would be of particular interest in the present work. As it has been 
shown to be a cupro-flavoprotein (Mahler, 1953, Mahler, 1954), and since it 
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Figure 34. The oxidation of butyric 
acid by a yeast suspension. Curve 1, 
control, without Na-DMDT. Curve 2, 
with 100 uM Na-DMDT. Curve 3, 
endogenous oxygen uptake. 50 uM 
zine sulfate in the substrate. 
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plays a very definite and central role in the metabolism, it would be 
interesting to see if Na-DMDT were able to inhibit it. 

It was found that when Na-butyrate was added to a yeast suspension, a 
significant increase in the oxygen consumption above the endogenous 
occurred. It was further repeatedly found that Na-DMDT in concentrations 
of 100 uM and below did not to any appreciable degree inhibit the oxidation. 
Curves from one experiment with a relatively high degree of inhibition are 
seen in figure 34. Further data are found in table 7. 


VII. The Effect of the Dithiocarbamyl Compounds on the 
Pasteur Mechanism in Intact Cells 


The energy liberated by the various oxidative steps in the carbohydrate 
breakdown is transferred to phosphate bonds by means of a reaction scheme 
which just recently has been partially evaluated (Boyer, Falcone, and Harri- 

-son, 1954). 

There is much biochemical evidence supporting the assumption that the 
levels of inorganic and energy-rich phosphate act as regulators of the reaction 
rate of energy-generating processes in the cell. With liver mitochondria it 
has been definitely shown that the respiratory rate decreased when the 
inorganic phosphate was transferred to, and allowed to accumulate as 
energy-rich phosphate, whereas the respiratory rate increased when to the 
system were added enzymes which consumed the energy-rich phosphate. 
(Lardy and Wellman, 1952.) This would lead to a very straightforward con- 
nection between oxidative phosphorylation and the Pasteur effect. Such a 
direct connection does not seem to be acceptable to several authors (see 
Dickens, 1951 and Fruton and Simmonds, 1953, pp. 483—486). However, 
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Table 8. The effect of dithiocarbamyl compounds on the Meyerhof coefficient (MQ). Expe- 

riments made in pure nitrogen and air, with yeast suspensions in 0.02 M phosphate buffer 

of pH 6.0 containing 2.5 °/o glucose. The gas exchanges given in uliters as the amounts 
actually determined during the experiments. 


Eee 

| A ; ne | 

Compound added Heavy metal addition) N, Gco, Air go, Air dco, | MQ 

| = i 

= 2; | 

None None 102.0 480 76.0 1.54 | 
Na-DMDT, 10 pM … None 88.0 | 46.5 50.5 1.81 
Na-DMDT, 100 EM … None 92.5 | 47.0 69.0 1.50 
PNPZ10ZI MER 7. None | 1045 | 51.0 138.000) 0:32 
None 20 % salt solution | 234.0 124.0 143.5 1.73 
Na-DMDT, 100 pM ... do. 123.5 | 78.0 81.0 1.55 
TMTD 100 EM... do. 165.0 | 79.0 124.0 1.52 


whether the connection is simple or more complicated, as for instance via a 
resynthesis of carbohydrate, the fact that the same type of inhibitors affect 
oxidative phosphorylation and the Pasteur effect (Meyerhof and Fiala, 1950) 
would mean that when the link between oxidation and phosphorylation is 
broken, the Pasteur mechanism is also prevented from operating. 

A study of the effect of dithiocarbamyl compounds on the Pasteur effect 
would therefore be expected to furnish information as to whether these 
compounds interfere with the oxidative phosphorylation or not. 

A determination of the Pasteur coefficient, or its equivalent, the Meyerhof 
coefficient (MQ) can easily be made on intact cells, whereas estimation of 
phosphorylative P/O ratio is a procedure needing isolation of particular 
cellular systems. Only determinations of MQ have, therefore, been done in 
this work. 

Fresh yeast, treated as described in the preceding chapter, was used in these experi- 
ments. 

The anaerobic Warburg flasks were flushed with nitrogen from a steel cylinder. 
Traces of oxygen were removed by passing the nitrogen through a copper oven 
previously reduced with gaseous hydrogen. To check the anaerobic conditions, alkali 
was placed in the center cup of one of the flasks containing nitrogen, so that a 
possibly occurring oxygen uptake might be detected. Only a negligible oxygen uptake 
was found if the nitrogen was passed through the copper oven. If this process was 
omitted, a considerable respiration occurred, rendering the experiment valueless. 

The aerobic flasks contained air. The concentration of glucose was 2.5 per cent. 


The dithiocarbamyl compounds were tipped in from the side arm at zero time, 
except for TMTD, which was added by the method described on p. 772 was used. 


The results from a number of experiments are summarized in table 8. The 
data are given in the form of Meyerhof coefficients: 


_ Mol CO, fermentation suppressed by oxidation 
MQ= i aa A 
Mol O, consumed 
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MQ is one third of the Pasteur coefficient, and the maximum experimental 
value generally obtained is around 2.0. 

Control experiments were made with p-nitrophenol (PNP), which is known 
to be a potent inhibitor of the Pasteur effect (Meyerhof and Fiala, 1950). 

The results show conclusively that the dithiocarbamyl compounds have 
no effect at all on the phosphorylative couplings and the energy transfer in 
intact cells at concentrations which cause growth inhibition. 


VII. The Effect of the Dithiocarbamyl Compounds on the 
Anabolic Processes 


A. Methods 


For growth, the nutrient solution earlier used as a »model» solution (see p. 738) 
had to be modified. First of all a vitamin mixture containing the B vitamins which 
according to Robinson (1951) are essential for growth of S. cerevisiae was added 
in order to obtain growth at all. This vitamin mixture consisted of: 


ATOME EL Clete crete ee 50 mg 
@ospantothenalewemeren ss Se 100 mg 
RU Dee ete as Cc ee ee 100 mg 
II SELO Ps eerie ER see, ore 100 mg 
ESTOUIT ree ee ers es ote ee eee ots 10 mg 


Distilled water to 1000 ml 


With 20 ml of this solution added per liter of nutrient solution, a satisfactory growth 
was obtained. No study was made of whether the mixture was optimal as regards 
the various growth factors. 

The nutrient solution was also diluted and prepared in the following manner: 
200 ml of 1, 100 ml each of 2 and 3 (pH 6.3), 20 ml of the vitamin mixture, 10 grams 
of glucose, and distilled water to 1000 ml. 

When this mixture was used, no precipitation occurred, so that boiling and 
filtering were not necessary. But it was found that the solution contained too much 
‘copper for obtaining an optimal growth. Therefore, solution 1 had also to be 
prepared with distilled water instead of tap water. (The effect of supra-optimal 
concentrations of copper is very easily discovered in the experiments with Na- 
DMDT, as it causes a distinct growth stimulation in the inversion area.) 

The growth experiments were carried out in the constant temperature bath pre- 
viously described, at a temperature of 30° C, and with slow aeration all the time. Each 
flask contained 200 ml of the nutrient medium. Samples of 10 ml were taken out at 
suitable time intervals for analysis. In a few cases, growth experiments were also 
carried out in the Warburg apparatus, for comparison of growth and respiration. 

Because of the heavy inoculum used in these experiments, and the short duration 
(5—8 hours), no precautions against infections were taken. In microscopic examina- 
tions, no signs of significant bacterial contamination were ever found. 

The growth was normally followed photometrically, with a Lumetron photo- 
meter, using filter M 620 and measuring the transmitted light. An extinction curve 
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was prepared by suspending a weighed amount of yeast in distilled water and 
diluting it to suitable concentrations. The extinetion curve was practically linear 
below values of 0.8 (corresponding to 0.75 g yeast per liter). No change in extinc- 
tion values could be observed if the suspensions were prepared with a 2.5 per cent 
glucose solution instead of water, 

In experiments starting with a concentration of yeast as high as 0.5 grams per 
liter fresh weight, all samples were diluted with an equal volume of distilled water 
before the turbidity was measured. According to Steen (1954) the turbidity of bac- 
teria is most closely correlated with the dry weight of the bacterial suspension, the 
correlation with nitrogen content or bacterial count being considerably less. 

In some experiments the growth was also followed by counting. The samples 
used for this were the same that were used for turbidity measurements. 2 ml 
formalin was added to the 10 ml samples, and they were kept in a refrigerator until 
counted, at most until the next day. A Bürker counting chamber was used. and the 
cells in 10 or 20 of the "/ss mm? squares counted, according to the number in each 
square. The total count in each sample varied between 200 and 500 cells. The data 
obtained were used for drawing growth curves, and the interrelationship between 
the figures therefore reduces the probable error in each counting. Since the results 
obtained were quite clear-cut, and only a qualitative discussion necessary, the data 
have not been subjected to statistical treatment. 

pH was determined during the growth on the same samples taken out for the 
turbidity measurements, by means of a Metrohm model E 187 potentiometer with a 
combined electrode. The main purpose of the pH determinations was to insure that 
the pH did not fall below »permissible» values during growth. It was found that 
under the conditions used for the growth experiments reported here, pH never fell 
below 5.8 (from a starting value of 6.3). Since no observations of physiological 
interest have been derived from-the pH values, they are omitted from this report. 

In the cases where the dry weight of the yeast was determined at the end of the 
experiments, it was done on an aliquot portion of the suspension which was cen- 
trifuged, the supernatant sucked carefully off, the yeast cells resuspended in about 
50 ml distilled water, centrifuged anew and finally transferred with a few ml of 
distilled water to weighed beakers, which were evaporated to dryness at 100° C. 
It can be calculated that one washing with 50 ml of distilled water is sufficient to 
reduce the dry-matter content in the liquid following the cells to less than 0.2 mg 
per ml. 

Nitrogen was determined according to Kjeldahl, with selenium as catalyst during 
the digestion. The digestion was started in the beakers used for weighing, by adding 
5 ml of a solution consisting of 50 per cent sulfuric acid with 0.1 per cent cupric 
sulfate and a trace of selenium dioxide, and heating them carefully. The contents 
were transferred, by as little distilled water as possible, to Kjeldahl flasks when 
dissolved, but before carbonization had started. 

Glucose was determined by the iodometric method of Auerbach and Bodenländer 
(1923). 

Acetate uptake was determined by using sodium acetate-1-C'4. A sample containing 
1 mC per mmole was diluted with inactive acetate to obtain radioactivities lying 
in the order of magnitude of 1 uC in each experiment. In all acetate fixation experi- 
ments, the acetate concentration was 2 mM, and the glucose concentration 1 per 
cent. The radioactivity was determined in the various samples by pipetting out 
portions containing not more than 5 mg dry matter onto copper or glass discs, and 
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evaporating them to dryness. When total radioactivity including that in the acetate 
was to be determined, sodium hydroxide was added to the dise before the evapora- 
tion. When radioactivity in other compounds than acetate was to be determined, 
hydrochloric acid was added before evaporation. It was found impossible to 
evaporte trichloracetic acid (TCA) extracts in copper discs, owing to the strong 
attack by TCA on copper, which resulted in a severe loss of counts owing to self- 
absorption in the mixture of the sample and copper salts in the disc. In this case, 
glass discs prepared from thin-walled glass tubes were found to be very convenient. 
They can be made by a glass-blower by means of a cutting machine for the same 
price as copper discs, and are probably preferable in a number of cases. 

The radioactive yeast was fractionated according to a slight modification of a- 
procedure by McQuillen and Roberts (1954). After the end of growth, the yeast was 
centrifuged, washed once with distilled water and resuspended in 5 ml distilled 
water. 1 ml was transferred to copper discs and evaporated with 0.5 ml 0.2 M hydro- 
chloric acid, for determination of the total nonvolatile radioactivity. To the rest 
of the suspension was added 4 ml cold 10 per cent TCA. After half an hour in the 
refrigerator, centrifugation and removal of the solution samples of 1—2 ml of the 
TCA extracts were transferred to glass discs and evaporated. This fraction (fraction 
No. 1) contains amino acids and a number of other lowmolecular weight com- 
pounds. The residue was first treated with 75 per cent ethanol, centrifuged, and then 
treated with a mixture of equal volumes of 75 per cent ethanol and ether. These 
extracts were made up to a total volume of 25 ml, and 2 ml were transferred to 
copper discs. The combined alcohol-ether fraction (fraction No. 2) contains mainly 
lipides, but probably also some proteins which are soluble in 75 per cent ethanol. 

The residue was boiled with 5 ml 0.1 M sodium hydroxide for about 10 minutes. 
The proteins and nucleic acids now go into solution, and are obtained in fraction 
No. 3. Of this, 1 ml samples were transferred to copper discs for evaporation. The 
residue was washed with a little distilled water (discarded), and transferred quanti- 
tatively to copper discs. This residue (fraction No. 4) probably for the major part 
contains cell-wall material such as polysaccharides and chitin. 

The radioactivity in the various samples thus obtained, was determined by 
counting with a thin-walled Geiger-Miiller tube, connected with either a Tracerlab 
Superscaler or Autoscaler. 


B. The Effect of Na-DMDT on Growth, Respiration of Growing Cells, 
Glucose Consumption and Acetate Fixation 


Since an actual demonstration of the growth-inhibiting effect of the dithio- 
carbamyl compounds on yeast has been omitted from the introductory parts 
of this work, where such a demonstration perhaps belonged, some growth 
experiments will be discussed a little in detail first. These experiments were 
carried out to study the effect of the concentration of the initial inoculum of 
yeast on the growth rate and the action curve for Na-DMDT. Figure 35 
shows the growth as a function of time. It is seen that increase in turbidity 
only starts after a lag period of about 2 hours. This lag period was observed 
in all experiments. If, however, attention is turned towards figure 37, it can 
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Figure 35. The growth of yeast 

08 in a nutrient solution to which 
varying concentration® of Na- 

04 DMDT have been added, mea- 
sured turbidimetrically. Start in- 
oculum, 0.25 grams per liter. 

0,2 Curve 1, no Na-DMDT. Curve 2, 


1 uM. Curve 3, 2.5 uM. Curve 4, 
6.25 uM. Curve 5, 15 uM. Curve 
6, 50 uM. 


| 2 3 
— TIME IN HOURS 


be seen that when cell counts are taken as a measure of the growth, the lag 
period is only about 1 hour. Probably the cells first start to divide with no 
increase in total volume. After a while, the volume of the individual cells 
perhaps also starts to increase. The opposite sequence was observed by Steen 
(1954) on Menmgococcus, and explained in an analogous manner by 
assuming that the bacteria first started to increase in size, and then to divide. 

Returning to figure 35, it is seen that in the presence of Na-DMDT, the 
growth inhibition may vary considerably with time, as some of the curves 
show a decrease of inhibition, and others an increase. 

In figure 36 are seen the action curves for Na-DMDT at varying start 
concentrations of yeast. In all curves, the inversion phenomenon is clearly 
shown. The first inhibition maximum is seemingly dependent on the yeast 
concentration, while no connection can be found for the second zone of 
inhibition. The explanation may also here, as in ihe case of acetate 
oxidation, be that the yeast carries traces of heavy metals on the cellular 
surfaces. 

In one experiment the effect of adding Na-DMDT to cells while actively 
growing was studied. Because of the lag period, no information regarding 
the rapidity of the action of Na-DMDT could be obtained when it was added 
at the start of the experiment. In this case, cellular counts were also taken, 
in order to compare the two methods of determining growth. The results, 
shown in figure 37, are very interesting. It is seen that in the flasks where 
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Figure 36. Growth of yeast after five hours, at varying concentrations of Na-DMDT, in per 

cent of the growth without Na-DMDT. Curve 1, start concentration of yeast 0.125 grams 

per liter. Curve 2, 0.25 grams. Curve 3, 0.50 grams per liter. Ordinate: extinction increase 
in per cent of that without Na-DMDT. 


Na-DMDT has been added, cell division has stopped immediately, while the 
increase in turbidity has continued at a slowly declining rate. This would 
indicate an increase in the size of individual cells following addition of 
Na-DMDT. No volume determinations have been made in this work. Giant 
cells have never been observed as being caused by dithiocarbamyl com- 
pounds, but Loveless, Spoerl and Weisman (1954) state that cells of S. cere- 
visiae whose growth was inhibiled by Na-DEDT have a volume 160 per cent 
of that of the controls. This substantiates the present findings. 


The ability to assimilate acetate was also compared with growth, glucose 
consumption and respiration. In the first of the experiments to be reported 
here, the acetate fixation was compared with the growth and the glucose 
consumption in normal and growth-inhibited cells. The curves are seen in 
figure 38. It can be seen that the glucose consumption and acetate fixation 
follow the growth very closely, the latter being somewhat more inhibited 
than the former. In the next experiment, which was made in the Warburg 
apparatus, growth and acetate fixation were compared with the respiration. 
The results are summarized in table 9. It is seen that even in cultures where 
the growth has been completely arrested the relative oxygen uptake (measured 
as the quotient of oxygen uptake during a period of actual growth, and the 
turbidity at the end of this period) is remarkably constant. Further, it is 
noteworthy that the amount of tracer carbon derived from acelate is closely 
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Figure 37. Growth of yeast in a 
nutrient solution with varying con- 
centrations of Na-DMDT, added after 
5 hours (indicated by arrow). The 
growth was followed by counting 
(upper curves, filled symbols), and 
by turbidity measurements (lower 
curves, open symbols). Curves 1, 
without Na-DMDT. Curves 2, with 
1 uM Na-DMDT. Curves 3, with 50 
uM Na-DMDT. Ordinate: extinetion 
values read directly on the scale; 
number of cells per ml found by 
multiplying ordinate values by 107. 
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correlated with the degree of growth, and not with the total oxygen con-, 
sumption. 

In connection with these growth experiments, a comparison was made 
between the action curve for Na-DMDT on growth and on acetate oxidation, 
since the substrate had been considerably modified since the earlier acetate 
oxidation experiments. For the sake of simplicity, the comparison was carried 
out in a substrate where ammonium chloride and the vitamin solution were 
omitted, as was, of course, glucose. The curve obtained (figure 39) shows 
a striking similarity to the growth inhibition curves. 

A number of investigators have studied the distribution of C!* from labeled 
acetate in yeast and other microorganisms (e.g. Gilvarg and Bloch, 1951, 
Wang. Labbe, Christensen and Cheldelin, 1952, Labbe, Thomas, Cheldelin, 
Christensen and Wang, 1952, Wang, Thomas, Cheldelin and Christensen, 
1952, McQuillen and Roberts, 1954. Nossal, 1954c). Without going into 
details, it might be stated that acetate enters the Krebs cycle as acetyl coen- 
zyme A and labeled carbon appears first in the Krebs cycle intermediates 
and in the amino acids derived directly from them. At later stages, acetate 
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Figure 38. Growth (measured turbidimetrically), glucose consumption and acetate fixation 

of yeast after five hours at varying concentrations of Na-DMDT. Curve 1, growth. Curve 2, 

glucose consumption. Curve 3, acetate fixation. All values given as percentages of those 
without Na-DMDT. 


carbon appears in nearly all compounds in the cell, such as proteins, peptides, 
lipides, nucleic acids and a variety of low-molecular weight compounds. 
Relatively small amounts of acetate carbon are lost as carbon dioxide. 

An attempt was made in a series of experiments to fractionate further the 
radioactive compounds formed from acetate-C!*. Owing to the low activity 
obtained in growth-inhibited cultures, the results are rather uncertain. As 
mentioned, the method of McQuillen and Roberts (1954) was followed, with 
the exception that the fractions containing only very small amounts of 
activity (proteins soluble in 75 per cent ethanol and nucleic acids) were 
omitted, as the error in determination would in any case make it impossible 
to draw any conclusions. Table 10 gives the results from one of these 
experiments. 

There is satisfactory agreement between the sum of the various activities 
and the amount found by direct measurement of a sample of the whole yeast, 
with the exception of culture No. 4. The degree of self-absorption has 
probably been slightly higher in the material from cultures 1—3 than in 
that from cultures 5 and 6. 

In the first fraction, the cold TCA fraction containing low molecular 
weight compounds such as amino acids, peptides, prosthetic groups, etc., 
there is no difference in relative activity. In the next fraction, the alcohol- 
ether fraction containing lipides, the relative activity in the growth-inhibited 
cells is significantly higher than in the normal ones. This would indicate 
that a higher rate of lipide synthesis in relation to synthesis of other cellular 
material is found in growth-inhibited cells than in normal cells. In proteins, 
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Table 9. The connection between the growth, measured turbidimetrically, and the oxygen 
consumption during the second hour of growth (end of the lag period), — the aes 
hour of growth. Various concentrations of Na-DMDT. The experiment was carried out in 
the Warburg apparatus. Start concentration of yeast was 0.5 grams per liter. For en 
ments of turbidity, 2 ml of the suspension in each flask was diluted with 8 ml distilled 
water. The values read in the photometer are given in the table. The experiment lasted 5 hours. 


Warburg flask No. 11 ate We ee es ec l7 ls tei hve | 
Na-DMDT cone.: 0 0 0 0 0.2 | 0.4 1 2 4 8 1241820 | 
| 
PStTArLEexlinct ey wcrc 0.07 0.07 0.07 0.07) 0.07) 0.07) 0.07! 0.07) 0.07) 0.07) 0.07| 0.07: 
End extinct 7 0.32 0.32 0.31 0.34; 0.34| 0.24) 0.09| 0.07! 0.06; 0.09 0.13) 0.18 
eet | ’ 
Increase see 100 100 67 8 0 0 8 124 144 


Respiration, pl O, up- | s A ER. 
take the second hour 32.5 36.0 34.0 34.5 | 29.5 28.0 27.0 127.0 126.5 124.5 129.0 26.5 


— ——— 


90.01. COULTON an. 100 | 87 82 180 ISO 12187 12272185 23178 
| 
Respiration, tl O, up- | | 


take24 5 hours... 174.0 78.0 74.0 75.0 | 69.0 164.5 36.5 |28.0 24.0 30.0 46.0 ‚42.5 


Relative respiration in- | | 
tensity. pl O,/extinct.| | | | | 
the second hour...... 46 51 49 50 42 40 139 139 138 135 141 38 
nthe fifths hour 123 24 24 22 20 127 125 25 25 30 35 24 


| Total oxygen uptake, pl 


RU U ES EE 100 100 86.0 60.5 |54.5 150 153 171 |66 
Acetate fixated. c.p.m. | | 
DER O er | 100 111 


l27 |58 


ot 
1 
+ 
= 
© 
= 
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which were extracted with warm 0.1-N NaOH, there is no difference in 
relative activity. The residue shows a distinctly lower relative activity in 
growth-inhibited than in normal cells. This residue is of a somewhat 
undefined constitution, but it must be believed to consist for the greater part 
of cell wall material, since it is insoluble in alkali (Houwink and Kreger, 
1953). On residue samples 1 


3, nitrogen determinations gave the values 
4.6, 4.8 and 5.4 per cent N respectively. The residue must then also contain 
nitrogenous material — probably protein. If it is assumed that the residue 
is composed only of proteins and cell wall material, the protein content is 
25—30 per cent of the total. The dry weight of the residue was approximately 
10 per cent of the original dry weight of the yeast. Even though no nitrogen 
determinations could be made on samples 4—6, owing to the small amount 
of material, it seems permissible to ascribe the difference in activity of the 
residues from growth-inhibited and normal cultures to the part of the residue 
that is of a non-protein origin, probably cell wall material. The metabolic 
processes leading to cell wall synthesis should have been much more severely 
inhibited than the other anabolic processes, according to the results from 
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Figure 39. Oxidation of acetate by a yeast suspen- 
sion in the nutrient medium used for the growth 
experiments, at varying concentrations of Na-DMDT. 20 
Ordinate: oxygen uptake in uliters during five hours 
in per cent of that without Na-DMDT. 


2 4 6 8 10 12 16 16 18 20 22 24 
———» [cM Na-DMDT 


Table 10. Fractionation of radioactive material in yeast grown in the presence of acetate — 
1 C“#. Numbers 1—3 refer to control cultures, and the numbers 4—6 to cultures to which 
have been added 1 uM Na-DMDT. The ordinary substrate, with the addition of 2 mM Na 
acetate was used. Start pH was 6.3. Start concentration of the yeast was 0.125 grams (fresh 
weight) per liter. Cultures 1—3 were taken after 7 hours, and cultures 4—6 after 10 hours 
of incubation at 30° C. The growth was followed turbidimetrically. After growth 
ended, the culture suspension was centrifuged, washed once with distilled water, resus- 
pended and samples taken out for activity measurements. These sampies were evaporated 
with HCl for removal of acetic acid. On the rest of the suspensions, a fractionation proce- 
dure was carried out, which is referred to in the text. Radioactivity measurements were 
made with a Tracerlab Autoscaler. 4096 counts were registered. The background was 35 


counts/min. 
‚ Culture No. 1 09 3 4 5 | 6 
| Cone. Na-DMDT =. (hou = HAM 1 LM 1 uM 
Start turbidity 2...) 007 | 0.08 0.08 0.08 | 0.07 | 0.07 
matters 7 hours, tturb. =... | 0.64 | 0.75 0.77 0212 0.11 0.11 
| After 10 hours, turb. ...... | | 0.14 0.13 0.12 
Growth (increase in turb.) 057 | 0.67 0.69 0.06 0.07 0.05 
Total activity directly mea- 6,680 6,300 6,380 640 595 | 585 
sured, counts/min. 6,330 6,350 6,850 | 635 570 | 580 
Mmeold LGA, CIN... 950 B20) | 925 \ 90 75 100 
Bic ether 9 anna | 1,665 1,685 | 1,880 345 | 330 | 220 
NaOH, DE recy sary 1,119 1,710 1,760 222 | 117 163 
Residue, SP eee 1.195 1,600 1275 0 95 28 | fey 
| S 2e | 6 | 
Sum » 5,805 5,820 | 6,305 750 550 538 | 
Activities in per cent of sum: | | x | 
COLA Bene cer ante 16.5 + 1.0,14.0 + 1.0145 + 1.0) 12, 0-+1.213.5 + 1.4,18.5 + 1.9 
AlGretlier metres. 28.5 + 0.3 29.0 + 0.3130. .0 + 0.3146.0 + 1.0 60.0 + 1.5,41.0 + 1.0 
NaOH (30,5 + 0.3/29.5 + 0.3128.0 + 0.3) 129.5 + 0.3 21.0 + 1.5,30.0 + 1.5 
Residue ee 124.5 0.5127.5 4 0.5 28.0 + 0.5,12.0 + 0.5 5.0 + 0.2110.0 + 0.4 
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Figure 40. Growth curves from experiment 
No. 3 in table 8. Upper curves: cell counts 
(ordinate, cell number per ml, multiplied 
by 10-®). Lower curves: turbidity measure- 
ments (ordinate: extinction value). Curves 
No. 1, no Na-DMDT. Curves No. 2, 0.5 uM. 
Curves No. 3, 1 uM. Curves No. 4, 5 uM. 
Curves No. 5, 10 uM. Curves No. 6, 50 uM 
Na-DMDT. 


———— TIME IN HOURS 


this experiment, and if these considerations are correct. The weakness of 
the experiment should, however, be stressed. It is only by analogy that the 
fractionation of the growth-inhibited yeast is assumed to give the same 
division of the cell-material as the fractionation of normal cultures. Such a 
conclusion is probably permitted in the case of the two first fractions, but 
the amount dissolved in NaOH might be dependent on a number of factors 
correlated more or less directly with the growth inhibition. A very careful 
examinalion would be needed before experiments of this type may yield con- 
clusive results. 


C. Nitrogen Assimilation 


From the tracer experiments reported in the preceeding section, the con- 
clusion might be drawn that both the lipide and the protein metabolism 
proceed quite normally in growth-inhibited cells. 

Additional evidence in favour of the protein metabolism being unaffected 
by the dithiocarbamyl compounds in growth-inhibited cells could be obtained 
by preparing yeast low in nitrogen, and studying its behavior when trans- 
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Table 11. Dry weight (total in mg. per culture flask) and nitrogen content in per cent of 
the dry weight, of yeast pretreated to lower the nitrogen content by being shaken 
overnight in a nutrient medium without N, and then grown in an ordinary medium with 
varying concentrations of Na-DMDT (in the table given as umoles per liter), for six hours. 
er eS Oe ee er 


Exp. no. | Flask no. | 1 D 3 4 5 6 
| ee dd 
Na-DMDT cone. | 0 0 1 1 50 50 
LIT EEE IE I RE TI EEE EIER BE RS 
| 
1 Start weight is | 27.9 27.9 27.9 27.9 27.9 2129 
End weight ....! 60.2 | 86.3 33.0 32.7 317 26.3 
; 
0/0 N at start ...| 3.43 3.43 3.43 3.43 3.43 3.43 
%oNatend....! 9.20 9.25 8.40 7.35 6.25 5.85 
Na-DMDT cone. 0 a 1 50 50 
2 | Start weight . ara 7973 27.3 27.3 27.3 27.3 
| End weight .... 1045 | 107.5 26.0 26.0 38.8 42.3 
| 0/0 N at start... 3.53 3.53 3.53 3.53 3.53 3.53 
%oNatend.... 9.60 10.70 5.90 5.50 11.80 11.80 
i | Na-DMDT cone. Vas as 0.5 1 10 50 
| : | 
| 
3 | Start weight ...! 26.0 | 26.0 26.0 26.0 26.0 26.0 
| | End weight ...., 101.5 | 105.0 48.0 28.8 51.4 21.9 
| | %  Natstart...; 3.84 | 3.84 3.84 3.84 3.84 3.84 
| | YNatend.... 10.20 | 9.80 9.60 8.40 9.00 8.60 | 


ferred to a normal substrate with dithiocarbamate present. Under such con- 
ditions, it would be expected that nitrogen assimilation processes could 
operate independent of the process of cellular growth and division. 

The physiology of microorganisms with artificially lowered N-content has 
been studied by Virtanen and collaborators in a number of papers. (Virtanen 
and De Ley, 1948, Virtanen, 1948, Virtanen and Winkler, 1949, De Ley, 
1949, Virtanen, 1949). Generally, it may be stated that in such micro- 
-organisms the adaptive enzyme systems have disappeared, while the con- 
stitutive remain. 

The yeast used for these experiments was starved on nitrogen by being 
shaken overnight in a complete nutrient medium without N. The nitrogen 
content, which on dry weight basis in the purchased yeast was around 6.5—7 
per cent, decreased by this treatment to around 3.5 per cent. The cells were 
then transferred to a normal nutrient substrate with ammonium chloride to 
which varying concentrations of Na-DMDT were added. The growth was 
followed turbidimetrically; in one experiment it was followed by counting. 
Growth curves from this experiment are seen in figure 40. It is seen that the 
lag period is longer than normal; otherwise the growth is similar to that in 
ordinary yeast. 


796 JOSTEIN GOKSOYR 


At the end of the experiment aliquot portions of the suspensions were 
centrifugated, the yeast washed and the dry weight determined. The same 
was done with an aliquot of the inoculation suspension. The nitrogen content 
was subsequently determined in the inoculum and in the yeast taken at 
the end. 

The results from three successive experiments are summarized in table 11. 
They show that even in yeast which has been completely inhibited in growth, 
the accumulation of nitrogenous substances has proceeded so that the N-level 
has become fully normal. 

It should thus be reasonable to conclude that growth inhibition has nothing 
to do with nitrogen assimilation as a whole. 


IX. Some Observations Regarding the Effect of Dithiocarbamyl 
Compounds on Enzyme Reactions 


A. Introduction 


Studies of the effect of biocidic substances on enzyme reactions might 
have two purposes. One would be to investigate, using highly purified 
enzymes, the mode of action of the compound when inhibiting a particular 
enzymic reaction, and to explain this in physico-chemical terms. The other 
purpose would be to avoid the difficulties encountered by the cellular mem- 
brane, and study the action of the compound, at a deliberately chosen con- 
centration, on an enzyme system or on an enzyme sequence selected, but 
still operating in the cytoplasmic soup obtained by homogenization. Studies 
in these directions can give no evidence as to the mechanism of action of the 
compound when acting on living isolated organisms, but they may furnish 
decisive support to studies with intact organisms, and strengthen the evidence 
obtained in such work. 

In the present work, only a few experiments have been done with cell-free 
homogenates, and none with purified enzyme systems. The reason for this 
was (as shall presently be reported) that from the experiments with succinic 
oxidase the conclusion may be drawn that dithiocarbamyl compounds do 
not enter the interior of the cells. It would of course still be of great theore- 
tical interest to collect information about the action of these compounds on 
various enzyme systems, but such studies would have little value if not 
carried out with purified systems, and the subject is far too extensive for 
inclusion in the present work. 


B. Succinic Oxidase 


For homogenization, about 5 grams of fresh baker’s yeast was suspended in a 
little distilled water and spread on a porous porcelain plate, where it was allowed 
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Table 12. The effect of dithiocarbamyl compounds on the succinic oxidase activity in parti- 
culate fractions of yeast. The main compartment in the Warburg flasks contained 2 ml 
phosphate buffer 0.02 M, pH 6.3, with Na-succinate to a concentration of 0.01 M. To the 
main compartment was further added 50 uM zinc sulfate or 5 uM cupric sulfate per liter, 
and the respective dithiocarbamyl compounds, as indicated in the table. MB was added in 
an amount of 0.1 ml 1 : 5000. The center cup contained 0.3 ml 5 °/o NaOH, and the side arm 
0.2 ml particulate suspension in phosphate buffer. The side arm was tipped 15 min. after 
placing the flasks in the bath and readings taken during a 2 hour period from then on. 
The time from the start of the homogenization until the flasks were placed in the bath, 
was around 1 hour. The figures given in the table are ul oxygen consumed in 2 hours, 
corrected for the oxygen uptake in flasks without succinate (the correction was usually 
very small), and the activity in per cent of that without the dithiocarbamyl compound. 
Concentrations are given in umoles per liter. 


ES nn Fr u rn er u u SE TE I SE I A Pe ea | 
Experiment No. 1, with Na-DMDT: 


D 


Na-DMDT, conc.: | 0 | 1 | | 10 100 


ot 


No heavy metal added, | 
BED Speaker ne cae 147.0 100% 147.5, 1017 | 42.55 90519412 08255207 
5 pM CuSO,, pl O, uptake 35.5 100 % 36.5 103 % 139.0 110 %144.5, 125 % 

| 50 aM ZnSO,, pl O, uptake 38.5 100 % 31.5 82%, 15.0 39 % | 7.0 18% 


Experiment No. ?, with Na-DMDT added: 


54.0 


7.0 
50 a Zn$0, 810, uptake} 50.0 100% 20.0 
48.0 3.0 
Experiment No. 3, with Na-DMDT and TMTD. The effect of MB.: 
Na-DMDT, conc.: h i ie bee OU LUE 
50 »M ZnSO,+ MB, pl O, | | | | 
Brakel), sau 141.5 100%! 9.0 22%|10.0 24% = 
TMTD, cone.: a Stee ives DEN RTE 


No heavy metals, ; 
without MB, pl O,.........153.5 100%)13.0 24%| 2.5 4.5 % 
Wath AO Pen ADCOP MOO 1155 2332395 DA 


to dry for 3 or 4 hours. The yeast was then scraped off, suspended in 10 ml 0.02 M 
phosphate buffer of pH 6.3 and transferred together with about 2 grams of sand 
(acid-washed, p.a.) to a Potter-Elvehjem homogenizer. This was placed in an ice 
bath, and allowed to cool before homogenization. The homogenization lasted about 
one minute, with the rotor at high speed. The contents were then transferred to a 
centrifuge tube of 15 ml capacity, and run for 10 minutes at 4000 T.p.m. in a small 
angle centrifuge. The cell-free homogenate could now be obtained by decantation. 
It was separated into a particulate (mitochondrial) and a soluble fraction by high- 
speed centrifugation for 20 minutes at approximately 15,000 8: As no refrigerated 
centrifuge was at hand, the centrifuge head was cooled by placing tubes containing 
ice in the holes not occupied by the homogenate. In this manner, the nn 
of the homogenate during the centrifugation could be kept below 20—25° C. 
A MSE »Major» centrifuge was used in this experiment. 
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In some instances nitrogen determinations were made on the various fractions 
after the homogenization. Without giving detailed figures it may be mentioned that 
about 20—25 per cent of the cells were disrupted. The nitrogen content in the 
particulate fraction was about 15 per cent of that of the whole homogenate. 


The first enzyme activity that was studied in homogenized cells was the 
succinic oxidase activity. The Warburg technique was employed. The parti- 
culate fraction was used, suspended in a phosphate buffer of pH 6.3. The 
main compartment of the flask contained the same phosphate buffer, with 
0.01 M sodium succinate. The effect of Na-DMDT was tried in the phos- 
phate buffer alone, and in the presence of zinc ions and cupric ions. The 
effect of TMTD was tried in phosphate buffer alone. 

In absence of dithiocarbamyl compounds, the oxygen uptake was found 
to be linear for the first 2 hours or more. The oxygen uptake was of the 
order of magnitude of 25 ul per hour, with 0.04—0.06 mg N in each flask. 


The ON value was thus of the order of magnitude of 500 ul/mg per hour. 

The results from the experiments are found in table 12. They show that 
Zn-DMDT and TMTD have a strong inhibitory action on the succinic oxidase 
system, whereas Na-DMDT has a somewhat smaller effect. The cupric com- 
plexes have not been found to be of any effect, the only result obtained when 
adding Na-DMDT being a counteraction of the effect of the heavy metal 
alone. 

To see whether the inhibition occurred in the cytochrome oxidase system 
or the succinic dehydrogenase system, another experiment was carried out 
in which methylene blue (MB) was added. The inhibition (table 12) was 
found to be of the same order of magnitude in the presence of MB as without 
it, indicating that the main inhibition is caused in the succinic dehydro- 
genase system. These results should be compared with the effect of Zn- 
DMDT both on succinate oxidation by intact cells, where practically no 
inhibition was found, and on the glucose breakdown, where the degree of 
inhibition for the total oxidation was the same as for the anaerobic fermenta- 
tion, and of a considerably lower order of magnitude than it is found here 
for the succinic oxidase system. 


C. Alcohol Dehydrogenase (ADH) 


Suceinte dehydrogenase is considered to be an SH-enzyme (Schlenk 
- + = ; 
1951b). As another SH-enzyme alcohol dehydrogenase, which could be 
expected to have a different behavior towards the dithiocarbamyl com- 


pounds, was chosen. Kjeldgaard (1949) has shown that the liver ADH was 
little affected by TETD 
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Table 13. The effect of dithiocarbamyl compounds on the ADH activity in yeast homoge- 
nates, measured spectrophotometrically. The Beckman cuvettes contained 2.8 ml glycine- 
NaOH buffer of pH 9.5, to which was added the various dithiocarbamyl compounds and 
zinc sulfate, as indicated in the table. 0.08 ml ethanol and 0.07 ml of aDPN solution (83.5 
mg 60 °/o DPN in 5 ml glycine buffer) were also added. 0.03 ml yeast homogenate was 
added at zero time, and readings at 3400 Ä taken after 1, 2 and 3 minutes. The figures in 
the table give the increase in extinction value at initial velocity during 3 minutes, multiplied 
by 100. The concentrations are given in umoles per liter. 


Na-DMDT, conc. | 0 à 10 100 
No heavy metal added, 
DIESE ER bn es 60.3 62.4 
|”. 20.4 | 
50 pM ZnSO,, ADH activity ...... 19.2 | 
| 19.0 19.0 18.4 17.0 | 
TMTD, conc. | 0 2 10 100 
No heavy metal added, 
RUE BEC) 5 a eee Ce 55.2 | 546 54.2 nn 63:2 
TMTM, conc. | 0 | 200 
No heavy metal added, | 
AIDÉS AC EVIL YA paves seat 39.2 55.9 


The ADH activity of whole homogenates (prepared as under B) was fol- 
lowed spectrophotometrically by the reduction of added DPN in glycine 
buffer of pH 9.5. 

Results are seen in table 13. It is noted that ADH is very sensitive towards 
zinc ions; 50 uM zinc sulfate causes an inhibition of 65—70 per cent. Addi- 
tion of Na-DMDT together with the zinc sulfate does not change the degree 
of inhibition. Na-DMDT and TMTD have no effect on the ADH activity. 


D. The Acetate-Activating System 


Jones, Black, Flynn and Lipmann (1953) have described the preparation 
and kinetic properties of an enzyme from yeast, catalysing the reaction: 


Acetate+ ATP +Co A = Acetyl Co A+AMP-+ pyrophosphate 


As this reaction can for several reasons be believed to be the first step in 
acetate metabolism, a study was made of how it was affected by dithio- 
carbamyl compounds. For this purpose, partly cellular extracts (the »first 
ammonium sulfate precipitate» of Jones et al) and partly whole yeast was 
used. For an assay system was used trapping with hydroxylamine, and 
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Table 14. The effect of Na-DMDT and Zn-DMDT on the enzymatic formation of acethydro- 

xamic acid from sodium acetate and hydroxylamine. — Assay system: See Jones, Black, 

Flynn and Lipman (1953). As enzyme preparation was used CO»-frozen yeast. Na-DMDT 

was added to a concentration of 100 uM, and ZnSO, to 50 uM. The acethydroxamic acid 

formed after 1 hour at 30° C was measured as the ferric complex after centrifugation, in 
the Lumetron photocolorimeter at 5000 A (filter M 515). 


EA TE ET | 
Addition +ATP + GSH | None + ATP and GSH 

Zn + Na-DMDT. ........ 0.218; 0.211 0.306; 0.357 0.126; 0.120 0.377; 0.387 | 
Zn alone 0.174; 0.165 | 0.343; 0.347 0.114; 0.122 0.329; 0.347 | 
Na-DMDI--1N0218 097 0.343; 0.357 0.149; 0.201 0.409; 0.372 | 
HOSE een 0.197; 0.137 0.372; 0.338 0.149; 0.155 0.3525, 0.3832) 


measurement of the ferric complex of acethydroxamic acid formed from 
acetyl coenzyme A. 

The first experiments showed that when the complete assay system de- 
scribed by Jones et al, containing rather large amounts of GSH (0.01 M) was 
used, no effect of dithiocarbamyl compounds could be observed. Repeated 
experiments showed a strong activation effect by GSH even on crude extracts. 
As there was reason to believe that the dithiocarbamyl compounds would be 
counteracted by GSH (cf. the effects on animal aldehyde dehydrogenase), 
another experimental series was started, with ATP and GSH omitted from 
some of the samples. The results showed (table 14) quite surprisingly a 
slightly stimulatory effect of Na-DMDT or Zn-DMDT in this case. In the 
next experiment, fresh yeast was used, and since the yeast concentration 
had to be increased considerably above that used in Warburg or growih 
experiments in order to get readable results, the dithiocarbamate concentra- 
tion was increased accordingly, up to 1000 uM. Even in this case a slight 
stimulation occurred. 


As a stimulation of the acetate-activating system did not seem compatible 
with the results found earlier in this work, an attempt was made to obtain 
a clearer picture of the cause of these results by carrying out an experiment in 
the constant temperature bath, where larger volumes of yeast could be handled, 
so that the process could be followed by removing samples at suitable time 
intervals for analysis. This time it was noted that when the stopper was 
removed for pipetting out a sample, a strong odour of hydrogen sulfide 
emerged from the flasks that contained Na-DMDT and hydroxylamine. 
When lead acetate paper was placed over the openings, the characteristic 
dark colour of lead sulfide appeared. This was very noteworthy, as sulfide 
has been used to reduce coenzyme A in acetate-activating experiments (Jones, 
Black, Flynn and Lipmann, 1953), and the stimulating effect of Na-DMDT 
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in the presence of hydroxylamine could now be explained as being caused 
by hydrogen sulfide formation. 
The manner in which Na-DMDT and hydroxylamine could react to form 


hydrogen sulfide would be quite analogous to the reaction with activated 
acyl compounds: 


SCoa 7 SCoA 4 NHOH 
2 2 
CH,—C+H,NOH — |CH,—C—NHOH| — CH,—C-+HSCoA 
N | N 
a OH À 
CH, Se flee Se clone. CH 
S 7 N | Ay 
N—C+H,NOH — N—G—NHOH | + N—C—NHOH 
4 NS 7. | we || 
CH, S _CH, SH Heer: S 
Hs 


Attempts to mix Na-DMDT and hydroxylamine failed, however, to demon- 
strate any formation of hydrogen sulfide. The question naturally arising 
then was whether the dithiocarbamic acid also needed some sort of activa- 
tion before it could react with hydroxylamine. If this were so, it would lead 
to very interesting considerations regarding the mechanism of action of the 
dithiocarbamyl ‘compounds. Experiments undertaken to study this are 
reported in the next section. 


E. Preliminary Investigations Regarding the Formation of Hydrogen Sulfide 
from Dithiocarbamate in the Presence of Hydroxylamine and Yeast 


It has not been possible in the present work to carry out more than preli- 
minary studies on this highly interesting reaction, a closer understanding 
of which, it is believed, will reveal much of the chemical background for 
_ the mechanism of action of dithiocarbamyl compounds and perhaps also 
other sulfur-containing fungicides. 


For these investigations it was necessary to find a sufficiently sensitive method 
for the determination of sulfide sulfur. After some less successful attempts with 
estimations based on the degree of colouration of lead acetate paper, and on the 
absorption in cadmium acetate, the method of Lindsay (Snell and Snell, 1936), 
based on the formation of methylene blue from p-amino-dimethylaniline, hydrogen 
sulfide and an oxidizing agent such as ferric chloride, was selected as the best one. 

It was found that the determinations could be carried out directly in the substrate, 
preferrably after precipitation of protein with TCA, as otherwise a strong absorp- 
tion of methylene blue to the protein will cause low results. Neither Na-DMDT 
(quickly decomposed in the acid solution to carbon disulfide and dimethylamine) 
nor hydroxylamine interfered, if the spectrophotometric determination of the 
methylene blue formed was done with care. A very convenient technique was to 
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Table 15. The formation of hydrogen sulfide from Na-DMDT and hydroxylamine in the ig 
sence of yeast. Experiments in the constant temperature bath, with 200 ml of yeast suspension 
(10 grams fresh weight/liter) in phosphate buffer of pH 6.3, to which was added 500 uM 
Na-DMDT and 0.1 M hydroxylamine hydrochloride, neutralized with KOH to pH 6.3. PES 
aeration, hydrogen sulfide formation detected by placing lead acetate paper on the openings 
of the flasks. 
ETE 
| Experiment No. 1. 


| | { une, 
| Ste | fresh fresh fresh | fresh boiled boiled no 
WINE OFT We pter ore a — — = 25 | = 2 D 
ZnSO4 siieridhewen erate = | = 4 | DE | ci | Ze | == 
| | | | | 
HsS form ...:.| ++ | = ai | = | = — | = 
Experiment No. 2. | ae 
PRIMING. cout 1. | 2 NES ONE 
; | / | boiled fresh 
| WEEGE PE re fresh fresh boiled | boiled | centrif. | + NaAG PD? 
| NAOH EE 2 added | added | added added added | added added 
ZUSO ea | » | » | » » » | » » 
HS form ...... EE | dee = ae = ae: = 


take up whole spectra in the Cary recording spectrophotometer with high scanning 
speed, and to use the difference in extinction between 6700 and 7200 A for calcula- 
tion of the amount of methylene blue present. In this manner, the »background 
colour» due to iron complexes, etc. interfered only to a negligible degree. 

In the experiments with whole yeast, the constant temperature bath was used for 
incubation, with 200 ml in each flask. No aeration was used, but the magnetic stirring 
mechanism kept the yeast well suspended. At suitable time intervals, samples of 
20 ml were pipetted into 50 ml centrifuge tubes containing 10 ml 10 °/o TCA. The 
tubes were stoppered at once, and centrifuged for 10 minutes, whereafter 10 ml 
from each was transferred to test tubes. To these test tubes was added 0.5 ml of a 
freshly prepared (not more than 24 hours old) solution of 0.04 grams p-amino- 
dimethylaniline in 100 ml 1:1 hydrochloric acid. The tubes were shaken, and 
0.1 ml of a solution of ferric chloride in hydrochloric acid (10 per cent ferric 
chloride hexahydrate in 1:1 hydrochloric acid) added. The colour develops slowly, 
and the spectra were taken after 1—2 hours. It should be noted that if the system 
contains substances combining with the ferric ion or reducing it, more ferric 
chloride has to be added. 

Each day, a known standard, prepared by adding sodium sulfide from a stock 
solution (prepared every few days by weighing out sodium sulfide and dissolving 


in distilled water) to the substrate-TCA mixture, was measured together with the 
unknown samples. 


In the first of the experiments to be reported here, the qualitative demon- 
stration of a thermolabile factor in yeast responsible for the formation of 
hydrogen sulfide was made (table 15). 
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Figure 41. The rate of formation of hydrogen sulfide from yeast suspensions (10 grams 
fresh weight per liter) with hydroxylamine (0.1 M) and Na-DMDT added. 


A, with 500 uM Na-DMDT. Curve 1, fresh yeast without zinc sulfate, curve 2, fresh yeast 
with 250 uM zinc sulfate. Curve 3, boiled yeast with 250 uM zinc sulfate. Curve 4, buffer 
system with 250 uM zinc sulfate, but with no yeast. 

B, with 100 uM Na-DMDT. The curves have the same meaning as in A, the only dif- 
- ference being that zinc sulfate was added to a concentration of 50 uM. 


Since from this experiment it seems as if zinc ions acted synergistic, the 
effect of zinc sulfate was studied at two concentration levels of Na-DMDT. 
In these experiments, the sulfide formation was also quantitatively deter- 
mined during a period of several hours. 

The results are shown in figure 41. It is seen that at low concentrations 
of Na-DMDT (100 uM), zine is essential for a formation rate of hydrogen 
sulfide above the rate found in boiled yeast. At a Na-DMDT concentration 
of 500 uM, however, the hydrogen sulfide evolution is higher without zinc 
than with it. This latter result is probably explained by the low solubility of 
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Figure 42. The stability of 
hydrogen sulfide in vari- 
ous systems. 


A, with hydroxylamine 
(0.1 M) but without Na- 
DMDT. 

B, without hydroxylamine, 
but with Na-DMDT (100 
uM). In both diagrams, 
curve 1 means fresh yeast 
(10 g/l), curve 2, boiled 
yeast, and curve 3, buffer 
system without yeast. 


> | TIMEJIN HOURS 


Zn-DMDT, and it would seem justified to conclude that at the »biclogical» 
concentration range of Na-DMDT, zinc ions are more or less essential for 
the reaction. 

The curves in figure 41 show that sulfide must be very unstable in the 
substrate. In order to check this, and to find out whelher the difference in 
hydrogen sulfide formation found between fresh and boiled yeasts, or in 
the buffer system alone, could be due merely to a.difference in the stability 
of the sulfide, two experiments were done. In the first of these, sodium sulfide 
was added to the substrate from the start, and Na-DMDT was omitted. In 
Ihe second, sodium sulfide was likewise added from the start, but this time 
hydroxylamine was omitted. 

From figure 42 it can be seen that in the buffer system without Na-DMDT, 
sulfide oxidizes very rapidly, so that after one hour, virtually nothing is left. 
Both fresh and boiled yeast have a stabilizing action on sulfide, and these 
are of the same order of magnitude. The effect is probably due to a lowering 
of the redox potential of the solution. Na-DMDT is also seen to have a con- 
siderable effect on the stability of sulfide, probably also because of its low 
redox potential. It might be mentioned that in a preliminary experiment, 
the same effect was found with ascorbie acid. 

The conclusion to be drawn from the curves in figure 42 must be that 
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Table 16. The effect of the carbohydrate source on the hydrogen sulfide evolution in a 

yeast suspension containing 10 g/l in phosphate buffer of pH 6.3, with 500 uM Na-DMDT 

and 0.1 M hydroxylamine. Hydrogen sulfide was measured quantitatively by the method 

of Lindsay. The results are given as the extinction values actually measured (the difference 
between the extinction values at 6700 and 7200 Ä): 

SS En aa I ee 


Flask No. 1 2 3 4 5 6 
C-source Acetate Acetate | Glucose | Glucose None None 
Te SEN ON CT NOTICE 


H,S formation after 


OS DOUR IES ee Rees hk 0.01 0.01 0.01 0.02 0.02 0.02 
16e EP RRRSRRNME owsbinck 0.31 0.26 0.26 0.27 0.27 0.27 
OR tre eee 0.51 0.57 0.61 0.64 0.58 0.60 
3 TA NP ERA CE RES 0.57 0.59 0.69 0.42 0.53 0.65 


the difference in stability of sulfide under different conditions cannot explain 
the results presented in figure 41; accordingly, a thermolabile factor in yeast 
must be responsible for the reaction leading to hydrogen sulfide formation 
from Na-DMDT and hydroxylamine. 

In the last experiment to be reported here, a study was made of whether 
addition of a carbon source to the yeast suspension would have any influence 
on hydrogen sulfide formation. No such influence was found (Table 16). 

Some preliminary attempts have been made to extract the factor (presum- 
ably a protein) responsible for the reaction. These will not be reported in the 
present work, as there are many experimental difficulties to overcome before 
the assay system can be claimed to work satisfactorily, since it is based on 
the formation of hydrogen sulfide at a rate which by order of magnitude is 
the same as that with which it is normally oxidized in the substrate. 


X. Discussion 
A. The Chemical Reactions 


The investigations performed in the first section of this work showed that 
there is no sharp and simple distinction between the different dimethyl- 
dithiocarbamyl compounds under investigation. They can be transformed 
into each other in the nutrient solution, partly by reversible, and partly by 
irreversible reactions: 


TMTD 
Reduction | T Oxidation 
CS: + Acidif. Heavy metals 
(CH;),NH a MDT + Heavy metal DMDT 
: 4 


<=) COMplexes 
| Hydrolysis 


TMTM 
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In the nutrient solution, some sort of equilibrium will exist. If Na-DMDT 
is the substance added, with increasing concentrations will be formed: 
Cu-DMDT (1:1), Cu-DMDT (1:2), Zn-DMDT (1:1), Zu-DMDT (1:2), 
other heavy metal dithiocarbamates, and finally free dithiocarbamate ions. 
Part of the Na-DMDT will also be oxidized to TMTD, and part of it, depending 
on the pH of the solution, will hydrolyze to carbon disulfide and dimethyl- 
amine. 

If Zn-DMDT is the compound added, it will partly dissociate, partly react 
with copper to form the two cupric complexes (the behaviour will probably 
depend on the relative concentrations of zinc and cupric ions), partly be 
oxidized, and partly hydrolyzed. 

If Cu-DMDT is added, its low solubility will make it not readily available 
unless excess copper is present. In that case, probably the 1:1 complex will 
be formed. 

It is pertinent also to discuss briefly the other heavy metal dithiocarbamates, in 
particular Fe-DMDT and Mn-DMDT. 

The statement can be found in the literature (for instance, Horsfall, 1945) that 
it is the valence of the cation which determines the number of dithiocarbamyl 
groups in the heavy metal complexes. This is not the case. As stated by Koch (1949), 
the bonds between the metal and the sulfur atoms are of covalent character. It is 
therefore the coordination number, and not the valence of the metal that determines 
the number of dithiocarbamate groups. Fe**, Fet+** and Mn** all have the 
coordination number of six, and an octahedral position of the ligands around the 
central atom. Since the dithiocarbamate ion acts as a bidentate, monovalent ligand, 
Fe (III)-DMDT must be electroneutral, while Fe (II)-DMDT and Mn (II)-DMDT 
have a negative charge, and can be expected to precipitate in the form of salts such 
as Fe [Fe(DMDT),], or Mn [Mn(DMDT).,],. The complexes are quite analogous to 
the betterknown cyanide complexes with iron or manganese. 

It is evident that when, in dilute solutions, a partial dissociation of the complexes 


takes place, with the result that besides the saturated 1 : 3 complexes, 1:2 and 1:1 
complexes are also found, the situation must be very complicated. 


If TMTD is added to the nutrient solution, it will remain fairly stable until 
the conditions in the substrate are such that it becomes reduced. It will then 
form various metal dithiocarbamates, just as Na-DMDT does. 

If TMTM is added to the nutrient solution, it will hydrolyse slowly, to 
form DMDT complexes and dimethylthiocarbamate. 

It should be born in mind that the picture given here is perhaps still over- 
simplified, as it is assumed that the only reactions in which the dithio- 
carbamyl compounds take part are ordinary redox reactions, hydrolysis to 
carbon disulfide and amine, and complex-binding reactions. However, it is 
known that these compounds can undergo a number of other reactions, 
resulting in the formation of free sulfur, hydrogen sulfide, thiocyanate, and 
other more or less known compounds. But there is reason to believe that 
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these reactions proceed only to a slight extent under the conditions present 
in a nutrient solution, or in the protoplasm. 

The behaviour of the other main group of dithiocarbamyl compounds, the 
bisdithiocarbamates, is very different. 


B. Experiments with Respiratory Systems 


In the oxidation of acetate, the acetate-activating system is the single 
enzymatic process known to precede the condensation reaction in which 
acetyl coenzyme A combines with oxalacetic acid and enters the Krebs cycle. 
It would therefore seem evident (since hypotheses assuming a different path- 
way in the oxidation of acetate than of glucose seem to have been abandoned) 
that, since the oxidation of glucose is much less affected than is the oxidation 
of acetate, it must be the acetateactivating system that is inhibited by the 
dithiocarbamyl compounds in intact yeast. The reaction mechanism of this 
system has recently been revealed, and found to consist of three sequences 
(Jones, Lipmann, Hilz and Lynen, 1953). In the first of these, an adenosine- 
phosphate-enzyme complex and pyrophosphate are formed from the enzyme 
and ATP. In the second, adenosinephosphate is substituted for coenzyme A 
in the enzyme complex. In the third reaction, acetyl coenzyme A and 
regenerated enzyme are formed. 

The acetate oxidation has previously been found to be more or less selec- 
tively inhibited by three groups of inhibitors, namely fluoride, dinitrophenols 
and fluoroacetic (and iodoacetic) acid. As regards fluoroacetic acid, experi- 
ments by Kalnitsky and Guzman Barron (1947) on yeast, by Bartlett and 
Guzman Barron (1947) on animal tissues and by Black and Hutchens (1948) 
on yeast point in the direction of a competitive inhibition of the first step in 
the oxidative sequence. With other substrates like ethanol, glucose or pyruvic 
acid, acetate was found to accumulate in the presence of fluoroacetate. A 
similar action has been found by Stoppani and Deferrari (1950) in the case of 
iodoacetic acid or ethyl iodoacetate on acetate oxidation by yeast, at pH 
values around 4.8. At pH 7.3, no effect was shown by iodoacetic acid, whereas 
the effect of the ethyl ester was uninfluenced by pH. Stoppani concludes 
that the inhibition is competitive. 

The effect of dinitrophenols on the oxidation of acetate by yeast has been 
reported by Stoppani (1949 a, b). A strong inhibition, practically specific 
for the acetate oxidation (Stoppani, 1949 b) was found at pH 4.8 or lower, 
whereas at pH 7.3, no inhibition took place. 

Stoppani (1949 b) has also reported a strong inhibition of acetate oxida-, 
tion by fluoride in yeast at low pH values, particularly if fluoride was 
added to starved yeast before acetate. Besides a pH effect on the inhibition, 
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incubation of the yeast with so-called acetate metabolism activators like 
ethanol, butanol, acetaldehyde, pyruvate or glucose counteracted the inhibi- 
tion. Fitzgerald and Bernheim (1948) found at pH 6.0 a stimulation of the 
oxidation of acetate by fluoride in a strain (BCG) of Mycobacterium. 

When comparing dithiocarbamyl compounds as a group of inhibitors 
with the other compounds that affect acetate oxidation, it would seem that 
they cannot be considered to act in a manner entirely similar to any of these. 
The inhibition with dithiocarbamates seems mainly non-competitive as 
regards acetate, but it is probably competitive as regards coenzyme A. The 
studies on the Pasteur mechanism demonstrated that the phosporylation 
reactions were not uncoupled as with dinitrophenols. The action of fluoride 
on the acetate oxidation remains unclear. It should be noted that the acetate- 
activating assay system of Jones, Black, Flynn and Lipmann (1953) con- 
tains a considerable concentration of fluoride in order to inhibit the ATP-ase. 
This would mean that at least at pH 7.5, fluoride does not inhibit the acetate- 
activating system. 

A discussion of a hypothetical manner in which the dithiocarbamyl com- 
pounds may act when inhibiting the acetate-activating system is given in 
section D of this chapter. 

Besides the strong inhibition of the acetate oxidation, one noteworthy 

phenomenon observed during the respiratory experiments with intact cells 
was that the inhibition seems to concentrate on the first links in metabolic 
sequences. This was particularly pronounced with ethanol as the substrate. 
No inhibition of the carbon dioxide evolution on top of the inhibition of the 
oxygen uptake occurred then, indicating that the further oxidation of acetate 
in this case was unaffected. A similar behaviour was found with lactate as 
substrate. It is also remembered that the aerobic oxidation and the anaerobic 
fermentation of glucose were inhibited to the same degree, indicating that 
also in this case the sole inhibition must be ascribed to the first steps. 
_ A further very important discovery is that when the cells were homo- 
genized and the parliculate fraction isolated, a strong inhibition of the 
succinic oxidase system appeared. It should be considered as definitely 
proven that the cytochrome system makes up the terminal iink in the 
oxidative system, and that the succinic dehydrogenase is essential in the 
operation of the respiratory cycle. The only conclusion which it seems 
possible to draw, is that the dithiocarbamyl compounds are not capable of 
coming into contact with this enzyme system in intact cells, at least not in a 
state in which they can act as inhibitors. 

The succinic oxidase system is known in animals and plants to be the 
key system in the mitochondria. It is very firmly bound to lipides, being 
inactivated when the lipides are hydrolyzed (Nygaard and Sumner, 1953). 
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It has been tentatively suggested that it should make up the christae mito- 
chondriales (Palade, 1953). 

2 In yeast and other fungi, the information is more scanty, but recent 
investigations with ultra-rapid disintegration (Nossal, 1953, 1954 a, b) have 
revealed the existance of particulate material, resembling the mitochondria 
closely in dimensions and enzymic activity. The whole cyclophorase system 
has not yet, however, been demonstrated in particulate material from yeast. 
It should nevertheless be safe to conclude that in yeast cells, the succin- 
oxidase system is located in mitochondrialike particles, which also contain 
a number of other mitochondrial functions. By further deduction, the con- 
clusion is then reached that the dithiocarbamyl compounds cannot interfere 
with the other processes in the mitochondria, nor with processes in the 
nucleus. In fact, the dithiocarbamyl compounds cannot enter the interior 
of the intact cells to a degree which causes detectable inhibition, if lower 
concentrations than 1—200 umoles per liter are used. Of course, these con- 
siderations are only valid for the earlier phases of the growth inhibition. At 
later stages, when the cells are dying, all sorts of reactions may occur. 

A problem needing further consideration arises from the findings that 
on one hand, the first steps in the metabolic sequences are inhibited, and on 
the other hand, that it is only the processes located at the membrane that 
are affected. It might be asked, for instance, why acetate cannot enter the 
cell and become oxidized at the loci where the acetate formed from ethanol 
evidently is oxidized quite unaffectedly. 

Possible explanations for this might be that: 1) the inhibition is con- 

nected with the permeation (this word is used to denote a passive process) 
through the cellular membrane, or, 2) the inhibition is connected with an 
active uptake mechanism, in the example mentioned, for instance, the pro- 
cess leading to acetyl coenzyme A from acetate, ATP and coenzyme A, (if 
this reaction is going on just inside the membrane, it will cause a strong 
“difference in the chemical potential of acetate on both sides of ihe mem- 
brane, and thus induce permeation),'or, 3) the oxidation from acetaldehyde 
goes directly to acetyl coenzyme A (inside the cell), whereas the acetate- 
activating enzyme is only located at the ectoplasm. 

Of these possibilities, the second seems the most plausible, as on that basis, 
all the various findings may be satisfactorily explained. Thus, the observa- 
tion that the oxidation of butyric acid, lactic acid, succinic acid, glucose or 
ethanol is less affected than the oxidation of acetic acid, seems to rule out 
the possibility that the structure of the membrane should have been altered 
so that acetic acid would not be able to permeate. On the other hand, if it is 
assumed that the third explanation would hold for acetic acid oxidation 
(there are virlually no observations supporting a supposition that the acetate- 
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activating system is located only at the ectoplasm), different explanations 
would have to be found for the inhibition which, although to a lesser degree, 
occurs with the oxidation of lactic acid and glucose. 

If it is generally assumed that for acetate, lactate and glucose, reactions 
proceeding in or at the cellular membrane, by removing the various com- 
pounds and thereby creating potential gradients through the membrane, 
actively support the uptake of these compounds, and further, if it is assumed 
that these reactions may become inhibited by the DMDT compounds, an 
explanation is found which is satisfactory for the results reported in this 
work. The enzyme systems inhibited would then be: for glucose, the gluco- 
kinase system, for lactate, the lactic dehydrogenase system (which, contrary 
to other cytochromes, is very soluble), and for acetate, the acetate-activating 
system (the degree of inhibition is not the same in these three systems). 
The passive diffusion of these compounds into the cell would lead to a 
lower, unaffected rate of oxidation. Because of this, the degree of inhibition 
would be practically independent of the substrate concentration. The amount 
of substrate finally oxidized would be independent of the inhibitor con- 
centration within reasonable limits. 

It may further be concluded, that oxidizable substrates which cannot be 
attacked by an enzyme system just at the membrane would perhaps (at least 
in a number of cases) enter the cell at slower rates, and their oxidation 
would not be affected by the DMDT compounds. Examples of such substrates 
are succinate (attacked only by the mitochondria-bound succinic oxidase 
system), butyrate and probably L-tyrosine. 


C. The Experiments with Growing Cells 


The growth experiments demonstrated clearly the very happy choice of 
yeast as a test organism. Even though turbidity measurements are somewhat 
unspecific as a method of determining growth, they have furnished very 
clear and valuable information as regards the effect of dithiocarbamyl com- 
pounds on the growth process. 

The observation that when Na-DMDT is added to actively growing yeast, 
Ihe cell division stops immediately while the increase in turbidity still goes 
on for a while, points to blocking of a pathway essential for multiplication. 
It is, too, an argument against any explanation of the growth inhibition as 
being caused by lack of some essential compound, be it copper or something 
else. When the turbidity increases even though the cell number is constant. 
this must mean an increase in the absorbancy and/or light scattering of each 
cell. It seems quite obvious that this must mean an increase in the cellular 
content of each cell; that is, either an increase in volume or formation of a 
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more dense cellular material. Loveless, Spoerl and Weisman (1954) found, 
as previously mentioned, an increase in cellular volume up to 160 per cent 
of the controls, in yeast being growth-inhibited by Na-DEDT. This observa- 
tion, given by them in a large compilation, has not by them been the subject 
of discussion, but it would seem to agree well with the findings reported in 
the present work. 

The uptake experiments with labeled acetate show that the inhibition of 
acetate metabolism is not limited to the respiratory pathways in resting cells, 
but also affects the uptake during the early growth stages. In the early 
growth period, the assimilated acetate probably must pass in total directly 
into the anabolic processes, perhaps mainly towards lipide synthesis, since 
acetate is not easily oxidized during this period (Eaton and Klein, 1954). 
This would lead to the conclusion that the acetate metabolism must be 
inhibited at some early stage, probably before acetyl coenzyme A is formed, 
since otherwise different inhibition mechanisms would have to be proposed 
for each branch of the metabolic pathway. 

When attempts to fractionate the radioactive compounds in growth- 
inhibited cells were made, a slight increase of isotope carbon in lipides was 
found, in comparison with that in normally grown cells. The difference was, 
however, not of a large order of magnitude, and it seems justified to ascribe 
it to a secondary process, following the inhibition of another energy-con- 
suming pathway. 

Very definite proofs seem to have been established for the fact that the 
protein metabolism at large is unaffected by dithiocarbamates. By the tracer 
experiments it was shown that the incorporation into proteins proceeded 
with the same relative rate in growth-inhibited as in normal cells. The 
experiments with low-N cells demonstrated that cells whose growth was 
completely stopped were even capable of building up a nitrogen reservoir 
of the same relative order of magnitude as ordinary growing cells. 

The uptake of various nutrients (with the exception of glucose) in growth- 
inhibited cells has not been investigated. Some general conclusions might, 
however. be drawn on the basis of the present material. 

The glucose utilization was found to parallel the growth very closely. This 
would mean that the »utilization coefficient» is the same in growth-inhibited 
as in normal cultures, when the calculation is based on glucose consumption. 

From the experiments with low-N yeast it can be concluded that nitrogen 
uptake must proceed normally; hence ammonium ions must permeate 
unhampered. By chemical analogy, potassium permeation must also be 
expected to procede unhampered. 

The phosphorus metabolism connected with the synthesis of nucleic acids 
is, of course, of particular interest. It must be concluded that the growth 
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inhibition cannot be due to an inhibition of phosphate uptake, since it occurs 
so rapidly, and yeast cells are known to have a considerable phosphorus 
reservoir. 

When discussing the mode of action of sulfur-containing fungicides, an 
interference with the sulfur metabolism might also be considered. However, 
the fact that parasitical fungi are even more sensitive than saprophytes 
(Klöpping, 1951), rules out the possibility of an effect on the sulfur assimila- 
tion at large. The plant parasites must be supposed to obtain their sulfur 
mainly in the form of S-containing amino acids which can be directly 
utilized by the fungi, and they should then be expected to be relatively 
insensitive to be dithiocarbamyl compounds, if these interfere only with 
the sulfur assimilation. 

It should be stressed that this discussion has dealt with anabolic processes 
at large, that is, with the main pathways, without considering minor abbera- 
tions which would not be detectable when, for instance, measuring the 
radioactivity of the total lipide or total protein fractions. It is of course quite 
possible that the growth inhibition is due to the blocking of a reaction path- 
way, quantitatively negligible as compared to the main pathways. To rule out 
this possibility would be a virtually impossible task, as all the diverse com- 
pounds in the yeast cell would have to be analyzed with great accuracy, and 
with a knowledge of which differences were significant and which were not. 

To the present author, work along this line seems unfruitful, and it is 
considered of greater importance to introduce cytological knowledge, and 
try to locate the physiological action structurally. Only after that would 
detailed biochemical discussions be of any value. 

In section B of this discussion, it was concluded that the inhibitory action 
of the respiratory processes must be located at the cellular membrane. 
Although they are less definite, the growth studies lead to the same con- 
clusion as regards the effect on anabolic processes. The internal anabolic 
processes proceed more or less unaffectedly in growth-inhibited cells, when 
seen in relation to the degree of growth, and the only decrease in metabolic 
activity was found in the processes leading to synthesis of cell wall material. 

The observation of a sudden stop in cell division, but not in increase of 
cellular content, points in the direction of a blocking either of a process in 
the nucleus, or of a process connected with the growth of the cell wall or 
the cellular membrane. Mundkur (1954) has presented evidence showing 
that in yeast there is no distinct correlation between budding and division 
of the nucleus. The nucleus may start to divide before or after a bud has 
been formed. This seems to rule out the possibility of ascribing the inhibition 
of cell division to some inhibitory action on the nucleus, as then it would 
be expected that all cells containing nuclei which already had divided, would 
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divide once unhampered after addition of Na-DMDT, and one would get 
a decreasing rate of division for a short period. 

The only well-defined metabolic pathway which has been found to be 
strongly inhibited by dithiocarbamyl compounds is the oxidation of acetate. 
It is not justified to consider this process as the cause of the growth inhibi- 
tion. Acetate is not the natural substrate during growth. The acelate-activating 
mechanism must — according to present knowledge — rather be considered 
as a trapping mechanism with the purpose of catching the acetate which for 
some reason has been formed during metabolism, either by hydrolysis of 
acetyl coenzyme A, or by oxidation of acetaldehyde. It does not seem likely 
that loss of acetate for some time will be fatal to the cell. Therefore, inhibi- 
tion of the acetate-activation system alone cannot be considered to be of vital 
importance. 

More probable is the assumption that the acetate-oxidation inhibition is 
an indication of the inhibition of other enzyme systems, chemically similar 
to the system which forms the acetyl coenzyme A, and located in the cellular 
membrane or the ectoplasm. 

The chemical constitution of the cell wall of the fungi is known to some 
extent. Regarding the cellular membrane, speculations can be found, but very 
little exact knowledge. As a whole our understanding of the metabolic pro- 
cesses taking place at the cellular membrane is very poor. It is somewhat 
surprising that this aspect of cellular metabolism has not been studied further, 
since a full understanding of the role of the cellular membrane and the 
ectoplasm certainly would clear up many puzzling and controversial points 
as regards the action of antibiotics as a whole. 

At present, therefore, it is decidedly premature to present a detailed hypo- 
thesis explaining the physiological effects of the dithiocarbamyl compounds 
at the cellular membrane. 

Although the effect of the dithiocarbamyl compounds on the acetate oxida- 
tion in itself has little to do with growth inhibition, it does give a good picture 
of the mechanism of action of the various dithiocarbamyl compounds. The 
results found regarding ihe inversion effect must thus probably hold true 
for the growth effect also, with the addition that superimposed on the 
enzymatic effect, a lack of copper at higher concentrations of Na-DMDT 
may occur, particularly when the inocula are small. 

The findings of the van der Kerk group that heavy metals do not interfere 
with the effect of TMTD, should not be taken as a serious argument against 
the explanation of the inversion effect as, also with TMTD, being caused by 
Cu-DMDT (1:1) transforming into Cu-DMDT (1 : 2). It is simply not possible 
to carry out growth experiments without having in the nutrient solution the 
small amounts of cupric ions needed to form these complexes. 
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D. Biochemical Considerations 


Following the physiological discussion of the mode of action of dithio- 
carbamyl compounds, some words should be said about their biochemical 
action. From the physiological considerations, one is led to think of an inter- 
action with coenzyme A-enzymes. It is therefore fascinating to note that 
the hydrogen sulfide formation with hydroxylamine can be explained 
— theoretically — by assuming an interaction with coenzyme A combining 
enzymes. 

It is known that coenzyme A reacts with particular proteins to form labile 
compounds of the type Ex ~ S Co A, where x denotes a group in the protein 
molecule and S the mercapto group in coenzyme A. For the acetate-activating 
system in yeast, the following reaction sequence has been worked out (Jones, 
Lipmann, Hilz and Lynen, 1953): 


1. Ex+Ad—P ~ PP 2 Ex ~ P—Ad+PP 
2. Ex ~ P—Ad+HS Co A 2 Ex ~ SCoA+AdP 
3. Ex ~ SCoA+CH,COOH Z Ex +CH,CO ~ SCoA 


It is supposed that in this case x denotes a phosphate group in the protein 
molecule. 

Consider now that Na-DMDT can undergo the following reactions (for the 
sake of clarity a phosphate group is substituted for x): 


OHS CH, OH CH, 
N Bi | ra 
EP —O0H+ C—N iced ES ANS Geen UNE 
| 7. N | i 
O S CH, O S CH, 


The protein-bound dithiocarbamate would be able to react with hydroxyl- 
amine in the following manner: 


OH CH, OH NHOH CH, 
E—P—S—C—N+H,NOH > E "Pis See CN aa 
O S CH, ) Sure CE 

OH NHOH CH, 
E—P—SH+C—N 
O S CH: 
H,O OH 
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In other words, hydrogen sulfide formation would occur when hydroxyl- 
amine is added to the system. It is also seen that the active center in the 
enzyme molecule remains intact and, as the dithiocarbamate is destroyed 
by the reaction with hydroxylamine, a slight activation of tne acetyl coen- 
zyme A-forming system can be expected to occur because of the formation 
of hydrogen sulfide. 

The reaction scheme presented above assumes a competition between the 
DMDT ion and coenzyme A for an active center in the protein molecule. This 
may be supported by the experiment in which it was found that incubation 
with calcium pantothenate reduced the sensitivity of the acetate oxidation 
mechanism to dithiocarbamate. Superficially, there is not much similarity 
between coenzyme A and Na-DMDT, but that does not necessarily rule out 
the possibility of a resemblance in the manner of chemical action. It should 
be remembered that the inhibitory effect of the dithiocarbamates decreases 
with increasing chain-length in the alkyl groups, the dimethyl compounds 
being by far the most active. This is in accordance with the conception of a 
reaction with an enzyme group, for which some definite steric conditions 
certainly must be set. 

The findings that the 1:1 complexes of zinc and copper and TMTD are 
much more efficient inhibitors than the DMDT ion alone, can partly be 
explained by assuming that it is connected with the chemical stability of the 
compounds in solution, partly by assuming that these compounds are more 
easily transported through, or adsorbed on the membrane. A more interesting 
explanation can, however, also be presented, by assuming that these com- 
pounds may act in a manner rendering coenzyme A at least temporarily 
inactive, for example: 


+ HSCoA 
ER — Ex-DMDT+MeSCoA 
+ Me-DMDT 


+2 HSCoA 
Ex — Ex-DMDT+HDMDT-+ CoASSCoA 
+TMTD 


Now the enzyme which in intact cells is responsible for the formation of 
hydrogen sulfide cannot be assumed lo be the acetate-activating enzyme 
— at least not this enzyme alone, if the reaction is connected with the growth 
inhibition. Other enzymes located in the cellular membrane or the ectopiasm, 
probably coenzyme A or other thiol-combining enzymes taking part in 
anabolic processes at this location must be supposed to be responsible for 
the reaction. The explanation presented above may hold for these enzymes 


53 
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also, although less is known about the manner in which they react with 
coenzyme A. 

The discussion would not be complete without a consideration of the 
»Antabuse effect». It would be very satisfying if a simple connection could : 
be found between the specific inhibition of aldehyde dehydrogenases in 
animals, and the growth inhibition in fungi. | 

It has been proposed that TETD acts on aldehyde dehydrogenase by 
oxidizing the sulfhydryl groups of the enzyme to disulfides. When com- 
paring the effect of TETD on alcohol dehydrogenase (ADH) and aldehyde 
dehydrogenase, it is seen that the explanation cannot be quite so simple as 
that. ADH and aldehyde dehydrogenase are both SH-enzymes, acting with 
DPN as a coenzyme, and even with a substrate, acetaldehyde, in common. 
TETD inhibits aldehyde dehydrogenase but not ADH. The difference in 
behaviour must lie in the particular reaction mechanism of each enzyme. 

For animal ADH, Burton and Kaplan (1954) have proposed a reaction 
mechanism according to which ethanol combines with the DPN which is 
bound to the protein, whereafter ethanol is oxidized and DPN reduced via 
a transition state. According to this, DPN has a much more specific part in 
the reaction than merely to act as a second substrate for ADH. 

The aldehyde dehydrogenases seem to act in an entirely different manner. 
With various preparations, several end products have been reported: 


H,O Yeast. (Black, 1951). Liver (Rac- 
H,PO, Glyceraldehyde 3-phosphate de- 

9) 7 ES, (8: : 
2. CH;CHO | 2H CH,COOPO (OH), hydrogenase. (Harting, 1951, 


Harting and Chance, 1953). 


CoA Enzyme from Clostridium clu 
32 CH,CHO + CH,CO S Co. ef 
3 | 2H H3CO S Co A veri. (Burton, 1952), rabbit muscle 
glyceraldehyde 3-phosphate de- 
hydrogenase (Harting, 1951). 


Singer and Kearney (1954) in discussing the mode of action of aldehyde 
dehydrogenases took as starting point the hypothesis presented by Racker 
(1951), in which a reaction mechanism similar to that in glyoxalase is 
assumed. Singer and Kearney tried to modify and extend this hypothesis by 
assuming that aldehyde dehydrogenase as an SH-enzyme combines with 
acetaldehyde in its hydrated form, whereafter two electrons are transferred 
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to the pyridine nucleotide. The thioester thus formed would be unstable 
if it were adjacent to a free amino group, and would liberate free acetic 
acid and the regenerated enzyme. This is the postulated mechanism for the 
aldehyde dehydrogenase isolated from yeast by Black (1951), which is 
shown not to require substrate amounts of cysteine or GSH (Singer and 
Kearney, 1954). The liver aldehyde dehydrogenase isolated from liver by 
Racker (1949) requires the addition of substantial amounts of SH compounds, 
such as cysteine. Singer and Kearney assume that with Racker’s enzyme, 
an enzymatic or nonenzymatic transacetylation takes place, by which 
S-acetyl-cysteine and free enzyme are formed. S-acetyl-cysteine, in its turn, 
decomposes spontaneously. 

In some cases, the thiol reacting with the acetyl-enzyme thioester may be 
coenzyme A. Then, acetyl coenzyme A would accumulate if no trans- 
acetylating systems were present, since it is a rather stable acyl mercaptan. 
As to whether the acetyl transfer from the enzyme to the thiol is enzymatic 
or not, Singer and Kearney assume that this may be determined by the 
affinity of the thiol for the dehydrogenase. The specific requirement of the 
dehydrogenase of Clostridium cluyveri for coenzyme A would suggest an 
enzymatic mechanism. The chemical energy of the reaction is lost as heat 
when acetic acid is formed, but is restored either in the thio-ester bond of 
acetyl coenzyme A or in acetyl phosphate. 

From these considerations it is seen that a certain similarity exists between 
the aldehyde dehydrogenases and coenzyme A-combining enzymes, particul- 
arly transacetylases. 

The effect of TETD on aldehyde dehydrogenase can be explained in a 
manner assuming reactions with this enzyme similar to the previously dis- 
cussed reaction with the acetate-activating enzyme, viz., that TETD oxidizes 
SH in the protein and/or the RSH compound acting as prosthetic group, and 
in reduced form blocks the transacetylation mechanism in some manner. 
With Racker’s enzyme, Graham (1951) found a competition between TETD 
and DPN, and a counteracting effect of GSH on the inhibition. This would 
lead to the following tentative scheme for the manner of action: 

t 


FT TT | LT: oe 

| + DPN+ + DPN+ | +DPNH+Ht 
| ae oe 

| | | | | 

| + SH le Sida Le Lie | + S—C—CH, 


a) ee, 


OH O 
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S 
\ 
ES Fe SC — N(C,H,) 
4 
S, „N | +S + GSSG+HDEDT 
Soke 
VE SAG 
a al 
G pia | [GS-CO-CH;] 
Oe | +-S=C—CH, > ar 7 
GSH+HOOC : CH, 


Other problems arise with regard to the strong inhibition of succinic 
dehydrogenase by dithiocarbamyl compounds. Keilin and Hartree (1940) 
studied the ef ect of Na-DEDT and TETD on this enzyme. They found an 
inhibition of Na-DEDT which could be ascribed to oxidation of the dithio- 
carbamate to TETD by cytochrome c. The inhibition by TETD was prac- 
tically irreversible, and the activity was not restored even after washing, 
with or without precipitation of the enzyme. The activity was not restored 
by treatment with hydrogen sulfide, cyanide or dithionite. Only incubation 
for 'wo hours with a high concentration of GSH produced a partial recovery 
of the activity. When added before the TETD, a much lower concentration 
of GSH was efficient in protecting the activity. It was further found that the 
alcohol treated preparations which had lost their ability to react with cyto- 
chrome c but which still could catalyze the reaction with methylene blue, 
were hardly affected by TETD. 


Keilin and Hartree in discussing the manner in which TETD may act, 
assumed an oxidation of SH groups in the protein to disulfides. Since the 
dith ocarbamate formed by reduction of TETD during this oxidation can 
become reoxidized by cytochrome c, TETD will behave like an electron 
mediator in this oxidat'on process. Besides, Keilin and Hartree stated that 
TETD has a general molecular configuration analogous to that of pyro- 
phosphate. Pyrophosphate is considered to act as a competitive inhibitor by 
virtue of a molecular configuration which permits it to occupy the same 
active groupings in the dehydrogena e as succinic acid. The very low concen- 
tration at which TETD exerts a strong inhibitory effect indicated that the 
peculiar molecular structure makes it easily accessible to the same groups 
of the enzyıne that react with tie substrate. 


It is interesting to compare the effect of a heavy metal (zinc) and dithio- 
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Table 17. Per cent inhibition of ADH and succinic dehydrogenase by zinc sulfate (50 uM), 
zinc sulfate plus Na-DMDT (50 uM ZnSO4+100 uM Na-DMDT), and TMTD. Data from 
tables 11 and 12. 


| BREI 


Addition | ADH | Succinic dehydrogenase | 
Zn?* | 66 %, 68 %, 68 % | 18 % | 
ZEFENEDMUDL a acces) 2% 85 % | 
DD ER Re LA. | 0 | 96 % 


carbamyl compounds on succinoxidase with that on alcohol dehydrogenase 
(table 17). 

On succinic dehydrogenase, the heavy-metal dithiocarbamate complex has 
a much stronger action than the heavy metal alone; on ADH, the heavy 
metal acts as a strong inhibitor, but simultaneous addition of dithiocarba- 
mate causes no difference in activity. TMTD is very active in the first case, 
inactive in the other. It seems to be quite clear that as regards succinic 
dehydrogenase, as well, the dithiocarbamate must react in a particular and 
specific manner, as these results do not seem compatible with a mere 
unspecific oxidation or blocking by heavy metals of thiol groups in the 
enzyme by the dithiocarbamyl compounds. 


It is noted that the inhibition of the succinic oxidase system did not show the 
inversion effect in the presence of cupric sulfate. It was not considered of importance 
to check the findings by repeating the experiment, as only the qualitative inhibition 
of this system was considered to be of interest. A natural explanation would be 
that the lipide-phase in the particulate system has caused a shift in the equilibrium 
between the 1:1 and the 1:2 complex, since only the latter can be to any degree 
lipide-soluble. 


E. Fungicidal Activity and Chemical Structure 


It is now possibie to discuss in somewhat greater detail the connection 
between fungicidal activity and chemical structure within the dihtiocarbamyl 
group of fungicides. 

The compounds investigated may be divided into three classes according 
to their effect on the acetate oxidation and probably on other enzyme systems 
vital for growth. The possibility of secondary reactions in the substrate, by 
which inactive compounds can be transformed into active, is not considered 


here. 
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From the results found in this work, the following two points are considered to 
be of primary importance in all cases: 

1) Selection of a proper test organism. Not necessarily one which is of practical 
importance, but one which is suitable for the experimentations. Yeasts might in 
many cases be very advantageous. It is preferable to work out an hypothesis by 
means of a less representative organism which is easy to work with, and afterwards 
to try, by properly selected experiments, the validity of the hypothesis on other 
organisms, rather than to do all the time-consuming and difficult screening work 
with a number of organisms which are perhaps also difficult to work with. 

2) A careful examination of the chemical reactions in the substrate in which the 
fungicide may take part. The substrate should also be as simple as possible; viz. 
liquid, and purely synthethic when this is possible. In many instances the atmo- 
sphere has to be considered as a part of the substrate. The results should be com- 
pared with the action curve of the fungicide. 

After the determination of growth curves, together with the determination of the 
rapidity with which the growth inhibition appears after addition of the fungicide, 
and the effect on cell size, etc., a logical sequence of the physiological investigation 
might be to start with the glucose breakdown in intact cells. In connection with 
this, the results of this work show that the effect on the oxidation of acetate should 
be studied. All these screening experiments should be done as far as possible with 
the complete nutrient medium, since reaction products might be formed in the 
substrate which have the toxic action. 

Next, the effect on the Pasteur mechanism, and on glucose consumption in growing 
cells will give information about the energy utilization and the utilization of the 
carbon source. The nitrogen assimilation might be separated from the growth process 
by using low-N cells, and studying the increase in nitrogenous constituents. 

If the acetate oxidation is not too strongly inhibited, uptake experiments with 
acetate -C!? and fractionation of the cell contents, followed by comparison of the 
relative activity in the various fractions in growth-inhibited and control cultures, 
might give very valuable information about an eventual blocking of anabolic 
pathways. 

Comparisons of the effect of the fungicide on well-known reaction pathways in 
intact cells and in homogenates will perhaps in many cases give more reliable 
information about the localization of the fungicide in the cell, than will uptake 
experiments. It should be stressed that inhibitory experiments on enzymes in cell- 
free systems alone cannot furnish any evidence as to the mode of action. 

‚When following a scheme like this, one should be able to discover the metabolic 
effects of a fungicide. It should then be possible to determine which type of reaction 
first is inhibited by the fungicide under investigation, and also, what is the chemical 
structure of the compound that really exerts the effect. 


Summary 


1) The chemical behaviour of the dithiocarbamyl compounds Na-DMDT, 
Zn-DMDT, Cu-DMDT, TMTD and TMTM (for explanation of the abbre- 
viations see the preface) in a mineral salt nutrient solution has been 
investigated by spectrophotometric methods. 


10) 
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Values for the first and second stability constants for Zn-DMDT and 


Cu-DMDT have been estimated. Existence of a stable 1:1 complex be- 
tween copper and dithiocarbamate was demonstrated spectrophoto- 
metrically. 

When Cu-DMDT is formed in a solution containing proteins, weak bonds 
between the cupric atom and groups in the protein seem to be established, 
rendering Cu-DMDT un-extractable from such solutions. 

It was shown that when added to a yeast suspension or a yeast extract, 
TMTD became reduced to dithiocarbamate. 

Attempts to determine the rate of the uptake of dithiocarbamyl com- 
pounds by yeast demonstrated a very rapid equilibration. This points 
toward a surface adsorption rather than a permeation. 

Respiratory studies with intact yeast cells revealed a strong inhibition 
of the acetate oxidation by heavy metal dithiocarbamate complexes with 
the exception of Cu-DMDT (1:2), and by TMTD, but not by Na-DMDT 
and TMTM. 

The inhibition of the acetate oxidation was found to be practically 
independent of the acetate concentration. The amount of acetate finally 
oxidized with small additions of acetate was independent of the degree 
of inhibition, within practical limits. 

Pretreatment of the yeast with pantothenate reduced the degree of in- 
hibition of the acetate oxidation. 

A study of the effect of varying concentrations of Na-DMDT on the 
acetate oxidation in the presence of low concentrations of cupric and 
zinc sulfate revealed an inversion effect. It is concluded that the inver- 
sion phenomenon shown by Na-DMDT on the growth can be explained 
in the same manner, namely: 


a) At lower concentrations of Na-DMDT, inhibition due to the forma- 
tion of Cu-DMDT (1:1) 

b) Reversal of the inhibition by transforming the 1:1 complex to the 
1:2 complex when increasing the concentration of Na-DMDT. 


c) At further addition of Na-DMDT, new inhibition due to formation 


of Zn-DMDT, Mn-DMDT, Fe-DMDT, etc. At this stage, growth in- 
hibition may even be caused by lack of copper, although this should 
be less general. 


It was also demonstrated with TMTD and TMTM that the inversion 
phenomenon was caused by the system Cu-DMDT (1:1) > Cu-DMDT 
(1:2). Whereas TMTD alone ai higher concentrations caused inhibi- 
tion of acetate oxidation, TMTM was wholly inactive at concentrations 


up to 200 uM. 
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F. Conclusions and Generalizations 


The large number of observations of physiological character as regards 
the active dithiocarbamyl compounds made during this work, may be sum- 
marized in the following list: 


1) No effect on other than the first links in metabolic sequences, when the 
metabolite was supplied externally. 

2) No effect on the endogenous respiration. 

3) Only a slight inhibition of the respiration with glucose as the subsirate, 
but a strong inhibition with acetate. 

4) Only a slight inhibition of the oxidation of butyric acid. 

5) No effect on the oxidation of succinic acid in the intact cells, but a 
strong inhibition of the succinoxidase system in particulate fractions. 

6) No inhibition of the Pasteur effect. 

7) No effect on glucose consumption relative to growth, in growth-inhibited 
cells. _ 

8) In growth-inhibited cells, the acetate-incorporation paralleled the rate 
of growth, and not the rate of oxygen consumption. 

9) No effect on the nitrogen assimilation and protein synthesis when seen 
in relation to growth, in growth-inhibited cells. 

10) A slight stimulation of lipide synthesis, and a distinct inhibition of the 
synthesis of cell wall material when seen in relation to growth, in growth- 
inhibited cells. 

11) Uptake-curves of dithiocarbamyl compounds showed a very rapid 
establishment of equilibrium, indicating a surface adsorption, rather than 
a permeation. 

12) When Na-DMDT was added to a growing culture, cell division stopped 
immediately, while the increase in cell contents went on for a while. 

13) When yeast suspensions were incubated with Na-DMDT and hydroxyl- 
amine, a hydrogen sulfide formation occurred, and it was catalyzed by 
a thermolabile factor in yeast. 


This is essentially a list of circumstantial evidence. It seems that all obser- 
vations agree well if the conclusion is finally drawn — as previously con- 
sidered — that the dithiocarbamyl compounds combine with particular 
groups in thiol-activated enzymes located at the cellular membrane or the 
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cytoplasmic layers just beneath (the ectoplasm), and act as poisons, by com- 
peting with the thiol working as prosthetic group for the enzyme. The most 
strongly inhibited enzymes must be those considered vital for the anabolic 
processes taking place at the membrane, but probably the compounds act 
more or less inhibitory on a rather large and diffuse group of enzymes at this 
location. 


If the mode of action of the dithiocarbamyl compounds is such as that 
proposed above, it is easily understandable that the compounds may be very 
harmful to fungi and bacteria, and less toxic to plants and animals. Fungi 
differ from other plants in having chitin in their cell walls, and it may be 
that the difference in cell wall composition, being caused by a difference in 
cell membrane enzymes, would make them more sensitive towards the dithio- 
carbamyl compounds than other organisms. Organisms without chitin (pri- 
mitive fungi and bacteria) in their cell walls are, however, also sensitive, 
and the inhibitory mechanism of action is also felt to be too general for such 
an explanation alone to be satisfactory. 


According to the opinion of the present writer, anatomical differences 
may play a more important role than biochemical ones in this case. Bacteria 
and fungi are rapid-growing organisms with their cell walls freely exposed 
to the exterior, while higher plants and animals have only a body surface 
exposed, and this is often also protected by an impermeable layer. 


The conclusions reached from the experiments with Saccharomyces cere- 
visiae, and reported in this work, would need support from experiments 
carried out with other fungi before absolutely safe statements could be made 
as to the fungicidal mode of action in general. Such experiments have not 
been undertaken in the present work, as it is believed that when the relation 
between the enzymatic hydrogen sulfide evolution in the presence of dithio- 
carbamates and hydroxylamine and the fungicidal mechanism is better 
understood, only a set of quite simple experiments would be needed for a 
comprehensive statement of the results. 


Is it possible to set up a general scheme for the evaluation of the manner of action 
of fungicidal compounds? This question arises as a natural result of the present 
report. It is important, because of the large amount of current work being done in 
fungicidal research, and the lack of system in the work that has been done. 

The question might be answered with both yes and no. It is definitely possible to 
evaluate an experimental scheme which, with a minimum of research work, will 
tell which of the major groups of metabolic processes first becomes inhibited, and 
in many instances probably also, which enzyme system is most sensitive to the 
fungicide. On the other hand, by blindly following such a scheme, the research 
worker may in several cases be led completely astray, because a new fungicide 
might have properties which, when they are known, will alter the whole physio- 


logical view-point. 
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It is seen at once that a »biologically active group» of the type 
S 
DS 4 
N—C 
/ N 
Sr 


cannot be responsible for the fungitoxicity, especially if this group plays a 
passive role within a larger molecule (as, for instanee, in TMTM). Evidently, 
a requirement is that the dithiocarbamyl group must have an opportunity 
to react in some specific manner by its dithio acid radical. 

On the basis of considerations concerning the biochemical mode of action 
of dithiocarbamyl compounds (cf. preceding section) a more detailed explana- 
tion of the difference in fungitoxicity of the various dithiocarbamyl com- 
pounds can be presented. 

It is thus assumed that the dithiocarbamate ion competes with coenzyme A 
(and perhaps other thiols) for active centers in specific proteins. The steric 
conditions necessary for this make diethyl or dipropyl dithiocarbamates less 
active than dimethyldithiocarbamates. But an even more successful com- 
petition and, accordingly, a stronger inhibition is obtained if the thiol can 
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also be inactivated by the reaction, either by oxidation to a disulfide by 
TMTD, or by formation of heavy metal thiol complexes by Cu-DMDT (1:1) 
or Zn-DMDT. 

Further, it is quite understandable that TMTM is inactive, since it does 
not have the opportunity either of combining directly with the protein or 
of reacting with the thiol in a manner which would enable it to combine 
with the protein and make the thiol inactive. 


A point of practical importance is the necessity of distinguishing among 
the compounds (perhaps only a few in number) which are directly inhibitory, 
and those which have to undergo reactions in the substrate to become so. 
In previous literature on fungicidal research, this point is not seen to be 
stressed, although it is quite evident that several authors when discussing 
dosage-response curves, must have had it in mind. (A flat dosage-response 
curve would indicate that the compound is inactive in itself, and has to 
react before becoming fungitoxic.) In the evaluation of new fungicides this 
point is of importance, because on the basis of such a distinction, it should 
be possible to express the probability that a certain structure might have 
fungicidal activity, in physico-chemical terms, and thus to save a lot of 
random testing. 

In the present case, compounds which are able to undergo reactions 
(hydrolysis, reduction, oxidation), which result finally in the formation of 
either heavy-metal DMDT complexes or TMTD, will be fungitoxic. Too little 
is at present known to state that all compounds with a dithiocarbamyl 
grouping which cannot undergo such reactions are inactive. Many of them 
certainly are. If the enzymatic mechanism of action were better understood, 
it would perhaps also be possible to make definite statements about members 
of this group. 

These considerations can be illustrated by the behaviour of the compound 
»tetramethyl thiuram oxide» (I), which Klöpping (1951) has shown to be 
as fungitoxic as TMTM. This would not be compatible with the statement | 
made above, that only compounds which could react with a dithio acid 
group, or compounds which could be transformed into such with a dithio 
acid group are fungitoxic. However, White (1954) has recently shown that 
the correct structure of this compound is not that of a thiuram oxide, but 
rather that of a dithiocarbamyl carbamyl sulfide (II). When the structure 
is of that type, a hydrolytic splitting of the compound would be expected to 
result in the formation of dithiocarbamate (besides thiocarbamate and 
carbamate). It is then quite understandable that the compound is fungitoxic, 
and in toxicity tests behaves like TMTM. 
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The inhibition of the various dialkyl derivatives of the acetate oxidation 
decreased in the order methyl > ethyl > propyl. 

Addition of a chelating agent such as Versene counteracted strongly 
the inhibitory effect of Zn-DMDT on acetate oxidation. D,L-histidine 
had a similar, but less pronounced, action. 

The effect of Zn-DMDT on the oxidation of ethanol, glucose, succinate, 
lactate, butyrate, and tyrosine, and on the anaerobic fermentation of 
glucose was compared with that on acetate oxidation. None of the reac- 
tions was inhibited to the same degree as the oxidation of acetate. The 
endogenous respiration was quite unaffected. 

Under the experimental conditions used, no respiration was found by 
intact yeast with glutamate and D-alanine. With catechol and ascorbate, 
a rapid oxygen uptake occurred, but it was considered to be of a non- 
enzymatic character. 

The effect of Na-DMDT, Zn-DMDT and TMTD on the Pasteur effect 
was studied. No inhibition was found. 

In growing yeast, glucose consumption and acetate fixation went on 
at the same rate as the growth in growth-inhibited cultures, whereas 
the respiration was only to a small extent affected by the growth 
inhibition. 

When the radioactivity was determined in the various fractions of 
yeast in the presence of labeled acetate, the same relative activity was 
found as in control samples in the fractions containing low molecular 
weight compounds, lipides (a slight increase in the growth-inhibited 
samples) and proteins, but a distinct decrease in the fraction containing 
mainly cell wall material. 

In yeast with a low N content, the process of restoring the nitrogen 
reservoir was very little affected, even if the growth was completely 
arrested by Na-DMDT. 

When Na-DMDT was added to a yeast suspension in full growth, the 
cell division stopped instantly, while the increase in turbidity still con- 
tinued for a while. 

With cell-free homogenates, a strong inhibition of the succinic oxidase 
system by Zn-DMDT and TMTD was found. Na-DMDT had less activity, 
while Cu-DMDT was inactive. 

Dithiocarbamyl compounds did not affect the alcohol dehydrogenase 
activity in yeast homogenates. 

In the presence of hydroxylamine, a thermolabile factor in yeast caused 
evolution of hydrogen sulfide from Na-DMDT. At lower concentrations 
of Na-DMDT, addition of zinc sulfate led to an increase in the reaction 
rate. Addition of carbon sources had no effect. 
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The results have been discussed. It is concluded that, as regards the 
mechanisms of action of the dithiocarbamyl compounds as fungicides, 
the various facts support an hypothesis which assumes that the com- 
pounds combine with particular groups at or in the cellular membrane, 
and in this location inhibit enzyme systems, probably by competing with 
coenzyme À or other thiols acting as prosthetic groups. The enzymes 
most strongly inhibited are assumed to be concerned with anabolic pro- 
cesses at the cellular membrane. 
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The warming of plants and poikilothermic animals by solar radiation has 
long been known (Rücker, 1933, 1934, Wigglesworth, 1939, Gunn, 1942). 
The possible existence of special organizational features of plants and ani- 
mals in arctic and subarctic regions facilitating the utilization of solar energy 
for warming purposes seems to have been disregarded. 


Arctic and subarctic regions have a longer winter than summer. The length of 
the season when the air is above freezing decreases with increasing latitude. The 
short summer, however, has long days which by prolonging diurnal activity accele- 
rate growth and development. Cold and the shortness of the season, on the other 
hand, limit the number of species which can complete their reproduction within 
the short summer and thereby succeed in surviving in this habitat. Any peculiarity 
of an organism making it able to lengthen its season or accelerate its growth by 
solar radiation would therefore be of considerable importance. 

It is well known that early in spring, when the air is still many degrees below 
freezing, solar radiation can warm dark objects above the temperature of the sur- 
rounding air. This fact has been realized by farming populations living in northern 
climates and is illustrated by their practice of the earlier clearing of their fields from 
snow for spring cultivation by spreading dirt or ashes in order to increase the 
absorption of heat from the sun. 

The swelling of buds on the trees is an early sign of their warming by the sun 
to temperatures above freezing. The buds of the pussywillow bursting into catkins 


1 Present address of the writer: The University Institute for Experimental Medical Rese- 
arch, Ullevaal Hospital, Oslo, Norway. 
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is one of the earliest signs of spring growth. The hairy covering of this Salix catkin 
is characteristic of the genus, Species such as Salix polaris which barely rises above 
the lichens and mosses among which it grows, are among the plants that grow 
farthest north. The early appearance of pussywillows in spring, often before the air 
warms above freezing, indicates that the sun must heat them up to temperatures 
sufficiently high for development. It is, therefore, of interest to examine the heating 
of willow catkins by radiation. 


Experimental results 


Fine needle thermocouples were placed in the center of catkins in the bright 
noon sun at Anchorage, Alaska. At air temperatures around freezing catkins 
became up to 15—25° C warmer than the surrounding air. This surprisingly 
high efficiency in heat absorption was unexpected considering the light color 
of the pussywillow, which would be expected to facilitate reflection of the 
sunlight rather than its absorption. 

The following experiment was therefore planned to investigate the situa- 
tion further. One catkin was left in its normal condition, care being taken 
not to disturb the layers of hair when introducing the thermocouple. A second 
was blackened with lamp black in order to eliminate reflection from the hairs 
and facilitate absorption. From a third catkin the hairs were clipped off 
down to the black undercoat in order to determine the importance of the 
hairs in preventing cooling by conduction and convection. A fourth thermo- 
couple was placed inside a bali of cotton about the same size and shape as 
a catkin in order to get a comparison between the pussywillow and an object 
with about the same color and size. The air temperature was recorded with a 
bare needle thermocouple. All objects were placed side by side in the sun and 
their temperatures were recorded. Figure 1 shows the temperature curves 
obtained from the readings, the center dip of the curves being caused by 
shading which temporarely cut off the sunlight. From the graph it can be 
seen that the pussywillow left in its natural state showed the highest tem- 
- perature increase above the surrounding air. Next to this came the catkin 
with the lamp black, and then followed in sequence the clipped one and 
the cotton ball. 


Discussion 


It had been anticipated that the darkened catkin would warm above the 
natural one with its shiny hair. The measurements show, however, that this 
was not the case. This leads to the hypothesis that the shiny hair on the 
pussywillow in one way or another facilitates heating by the sun rays. Before 
discussing the physical explanation of this hypothesis the structure of the 
pussywillow might be worth recapitulating. The soft outer layer consists of 
shiny transparent hairs. Underneath is a layer almost black in color, con- 
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sisting of the dark scales surrounding the flower buds. Then follow the 
layer of flower buds and the center core consisting of a more or less homo- 
geneous parenchymatic tissue. With this structure in mind a physical ex- 
planation may be proposed. 

The radiation from the sun with its greatest intensity in the yellow part 
of the spectrum will, upon hitting the hair of the pussywillow, be partly 
reflected, partly absorbed, and will partly penetrate the layer of hairs. The 
part of the rays that penetrates the hairs would be absorbed in the dark 
undercoat which would cause the center of the catkin to warm. This energy 
in the form of heat could again be partly lost either by radiation or by con- 
duction to the surrounding air without appreciably increasing the tempera- 
ture of the pussywillow. Such heat loss is probably reduced by the formation 
of a dead air space around the center of the catkin, decreasing convection 
and thereby heat loss due to conduction and evaporation. This explains the 
increased absorption of heat by the blackened pussywillow as compared to 
the clipped one. The greater heating of the naturally colored catkin can not 
be fully explained in that way. The most likely explanation is that the shiny 
hairs which let through a great deal of sunlight to be absorbed by the dark 
center of the catkin are opaque to the long waved radiation directed from 
the center outward. The pussywillow thus forms a »heat tran» working on 
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the same physical principle as a greenhouse or the type of oyster pools in 
which a floating layer of fresh water above the salt water seals it off from 
heat loss to the atmosphere. 

The advantage of such a physical system for plants living in arctic and 
subarctic regions is obvious. It is therefore not surprising to find that other 
arctic plants and animals possess similar arrangements. As an example can 
be mentioned the arctic cottongrass, Eriophorum, which has a dark colored 
spikelet covered with shiny bracts. This plant, incidentally, is the next 
earliest plant to flower in the spring after the willows. The writer observed 
on one occasion in Anaktuvuk Pass in arctic Alaska that the spikelets of 
this plant were yellow with pollen on the side turned toward the sun, while 
the opposite side was still black and undeveloped. The air temperature at the 
time of observation was well below freezing. 

Woolly bear caterpillars (Arctiidae), which are often seen crawling over 
the snow in spring, have long shiny black hairs emerging through a finer 
black under-layer. In bright sunshine one of these caterpillars was, by means 
of thermocouple measurements, found as much as 15° C warmer, than the 
air over the snow upon which it had been crawling. 

These are examples of physical arrangements by means of which some 
kinds of animals and plants warm themselves by the retention of solar radia- 
tion. These devices, which secure heat, can in effect prolong the arctic season 
for the animals and plants which bear them, for they may thereby start a 
sufficient metabolism for the essential cyclic activity of summer earlier, and 
by proceeding at a faster rate be able to complete the necessary sequences for 
reproduction within the short arctic summer. In this manner the geographi- 
cal range of these forms may through special devices for the retention of 
radiant heat be extended considerably north of the limits indicated by the 
air temperature alone. 

It is possible that interesting correlations may be found between the geo- 
graphical distribution of an animal or plant and the amount of radiated solar 
energy available in a certain area. Routine observations of solar radiation, 
if included in meteorological records, would in this case be of considerable 
value to biologists working on problems of distribution. 
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Studies on the silica content of diatoms have previously been published by 
Einsele & Grim 1938 and Lund 1950. In the paper by the former a great 
number of determinations of the silica content in diatoms were carried out. 
They examined 15 different species from plankton of different lakes in 
Austria and showed that the content of silica is very different in cells of 
the different species; but they also showed that the content of the cells of 
a single species varies a great deal. 

The problem about the variations of silica content in cells of a single 
species is discussed by them on pp. 564—581 and it is pointed out that the 
content varies with the number of cells in the population. When the number 
of cells is high the content of silica is lower than in populations with fewer 
individuals. The silica content is inversely proportional to the number of cells. 

Lund showed the same in his paper. In his Table 3 the number of cells 
per ml and the corresponding values of SiO, per 10% cells are arranged for 
various stages in the growth of a culture of Asterionella formosa. The num- 
ber of cells in the culture increased from 22 cells to 249,000 cells per ml. 
Correspondingly the silica content decreased from 0.142 to 0.120 mg SiO, 
per 10% cells. 

Both Einsele & Grim and Lund thought that the variations in the silica 
content are caused by the different growth rates. Thus Lund writes (p. 23): 
»The faster the growth rate the less the mean weight of silica per unit 
of population is likely to be, since cells in the process of division will not 
have fully silicified walls.» 

However, the different growth rate cannot be the real explanation of the 
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problem. In a culture with a constant growth rate there is a higher average 
content of silica in the cells in the beginning of the culture period when few 
cells are present per unit than later with many cells. 


Experiments 


In the growth experiments with two epiphytic species, Nitzschia palea and 
Bacillaria paradoxa (Jorgensen 1953), the relation between the growth, 
expressed as increase in chlorophyl, and the silica uptake was shown. In 
some of the cultures the number of the cells was counted and the silica 
content in the cells calculated. In figures 1 and 2 the ratio between the silica 
content expressed as Si ug per 10° cells and the number of cells in the two 
experiments is shown. It is evident that there is an inverse ratio between the 
number of cells and the silica content. This cannot be due to differences in 
the growth rate. In the single experiment with the same initial silica concen- 
tration the growth rate is constant during the experiment until the growth 
stop on account of the silica concentration has reached a minimum value 
(see figure 3, the experiment in Table 1 with 6 mg Si per 1.). It is also evident 
that the silica content in the cells is highest in the experiments with the 
highest initial silica concentration when the same number of cells is con- 
sidered. 


The same result as reported here for the epiphytic diatoms was obtained 
in experiments with a planktonic species Thalassiosira nana Lohmann. In a 
previous paper (l. c.) this species was wrongly referred to as Th. fluviatilis 
Hustedt. In Table 1 corresponding values of the number of cells and Si ug 
per 10% cells are stated for two experiments with the initial Si-concentration 
of respectively 2 mg Si per 1 and 6 mg Si per |. The table shows similar ratios 
as reported for the epiphytic species. 

On the basis of these experiments where the Si-concentration decreases 
with increasing number of cells, it seems reasonable to conclude that the 
decrease in silica content in the diatoms is due to the decreasing Si-concentra- 
tion. That this conclusion cannot be right is shown in the following experi- 


ments. 


Table 1. Experiments with Thalassiosira nana. 


| 
2 mg | Number of cells per ml. 2,300 9,200 | 22,500 
Si perl | Si pg per 106 cells 430 143 93 
Fee = = Zr Fee: = ET: lé à RE 
: 6 mg | Number of cells per ml. | 42,800 | 63,300 | 69,200 


: Si per 1 Si ug per 106 cells | 132 | 97 


| 
| 
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Experiments with flowing culture solutions. In the above-mentioned ex- 
periments the Si-concentration decreased during the experiment and there- 
fore it is difficult to examine exactly how the Si-concentration influences 
the silica content of the cells. So some experiments with flowing culture 
solutions were carried out. During these experiments the Si-concentration 
was approximately constant. In such experiments it is only possible to work 
with epiphytic species which are well fixed to the culture containers. This 
is the case with Nitzschia palea in containers of plastics. 


The culture solution was the same modification of Rodhe VIII as used in pre- 
vious experiments with Nitzschia palea (Jorgensen 1952). The diatoms in some 
experiments were cultivated in containers of polystyrene in others in bottles of 
polyethylene. The diatoms were inoculated and cultivated in these containers in the 
ordinary way for some days. The current of culture solution was not started before 
distinct colonies of diatoms were visible. 

The culture solution was placed in glass bottles with a capacity of 10 1 and with 
their insides covered with paraffin. The bottles were placed at a higher level than 
the cultures and connected with the culture containers with tubes of polystyrene. 
When cultivating in a flowing culture solution an ordinary siphon system was 
started. The current was regulated by means of a Mohr's clip. The rate of the flow 
was adjusted to approximately 2 1 per day. The volume of the culture containers was 
about 100 ml. 

The culture solution was not sterilized in these experiments, but no visible growth 
of bacteria was observed in the culture containers. This is surely connected with 
the development of antibiotics by the diatoms. 

Four apparatuses with flowing culture solutions were run simultaneously. The 
cultures were illuminated continuously by means of fluorescent lamps (about 6000 
lux). 

When the experiment was stopped the diatoms were loosened from the bottom 
of the container by means of concentrated sulphuric acid. Then the diatom material 
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was divided into two identical portions, one for the counting of cells, the other for 
the determination of silicon in the cells. 

The diatoms in sulphuric acid were evaporated in a platinum crucible and heated 
till all material was white. Then 1 g of anhydrous Na,CO, was added and fused till 
melting to give sodium silicate. The sodium silicate was dissolved in 1 1 of dist. water. 
The surplus of sodium carbonate was neutralized by adding hydrochloric acid. The 
concentration of silicate was determined by the blue method (Bunting 1944). 

The other part of sulphuric acid and diatoms was diluted suitably dependent on 
the number of cells. After a careful shaking 3 ml was placed in a tube chamber with 
a cover glass as bottom. When the cells were sedimented after about 24 hours they 
were counted. An inverted microscope was used. The method is the same as that 
used at quantitative phytoplankton investigations. 


Results 


Table 2 shows the results for some experiments with Nitzschia palea in 
flowing culture solution. The growth of the diatoms was dependent on the 
Si-concentration as previously shown (Jorgensen 1952 and 1953). In the last 
experiment 102.5 million cells were produced in 6 days at 0.5 mg Si per | 
but 299.0 million cells in 3 days at 5 mg Si per k The experiments show that 


the silica content in the cells decreases with increasing number of cells. In 
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Figure 3. The growth of Thalassiosira nana expressed as number of cells per ml in an 
experiment with the initial silicon concentration of 6 mg Si per | and corresponding 
values for the silicon concentration in the culture solution during the experiment. 


experiments with constant Si-concentration this cannot be due to differences 
in the growth rate. The only factor that varies with increasing number of 
cells is that the cells will be closer to each other. So it is possible that the cells 
give off a substance that is able to inactivate the assimilation of silica. When 
the number of cells increases and the cells are getting closer to each other 
this inactivation naturally will also increase. 


In the series with 0.5 mg Si per | there is an evident decrease in silica con- 
tent in the cells when the number of cells increases from 1.9 to 9.9 million 


cells, but very little decrease in the silica content when the number of cells 
increases from 9.9 to 102.5 million cells. The same is the case in the series 


Table 2. Experiments with Nitzschia palea in flowing culture solution. 


| 0.5 mg Number of cells in millions 1.9 | 2.3 | 2.9 9.9 | 102.5 | 
| Si per 1 | Si pg per 106 cells a bite | 36 is EL we 

Dir Ai, La eee. 2a a SS! Zn as | | 
| 5 mg | Number of cells in millions! 8.4 9.2 213 | 898 2990 | 
| Si per I | Si pg per 106 cells 26 38 18 | 16 14 | 
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with 5 mg Si per 1 when the number of cells increases from 27.3 to 299.0 
million cells. This is probably caused by the colonies having reached a point 
where they cannot be closer to each other and therefore the inactivation will 
not increase any further. The shape of the curves in figures 1 and 2 shows 
the same. 

When the silica contents of the cells in the two series with different Si- 
concentration and the same number of cells are compared, it is seen that the 
values for silica content as regards the greatest number of cells is smallest 
in the series with 5 mg Si per 1. This is because the growth rate is highest at 
this Si-concentration. Owing to the different growth rate at different Si-con- 
centration it is impossible to show if the silica content in the fuli-grown cells 
is dependent on the Si-concentration. 


Summary 


Investigations of the plankton diatoms in lakes and planktonic and epiphy- 
tic diatoms in cultures have shown that the silica content in the cells depends 
on the number of cells, and the silica content is inversely proportional to 
the number of cells. This is the case both in ordinary cultures where the Si- 
concentration and the concentration of other nutrient salts are decreasing 
when the number of cells increase and in cultures with a flowing culture 
solution. The decrease in the silica content is probably caused by diatoms 
giving off a substance to the water which inactivates the silica assimilation. 
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The wall of the diatom-cell consists of pectin and silica, but it has not yet 
been definitely established whether the silica is deposited within the sub- 
stance of the pectin membrane (Mangin 1908), or whether it forms a separate 
layer of the wall, external to the pectin-layer as Liebisch affirms (1928, 1929). 

Rogall by chemical analysis and X-ray crystallography showed 1939 that 
the dead frustules consist of pure silicic acid. Today it is well-known that 
silicon forms a large number of organic compounds. In other plants several 
organic silicon compounds are known. Thus Engel (1953) has shown that 80 
per cent of the silicon in rye straw is found as a complex between d-galactose 
and silicic acid. Therefore it would be very remarkable if the silicon in dia- 
toms should occur in a pure inorganic form. 

As to the solubility of the silica in diatoms there is a direct Eon tik in the 
literature; the problem has been carefully treated by Cooper (1952). Hart 
(1942) thinks that re-solution of diatomaceous silica is a speedy process in 
the sea. Atkins (1945) tried to dissolve diatoms in alkaline solutions, from the 
alkalinity of seawater upwards to pH 11, both at air temperatures and at 
temperatures about 100° C; but he did not succeed, even with attempts of 
long duration. Atkins did not during his experiments examine if the diatoms 
were partly attacked, he only showed that whole cells were not dissolved. 


Experiments 


In order to elucidate the problem about the solubility of diatom cells a 
little further some experiments were carried out with two different diatom 
species. The apparatus was constructed entirely of plastics. 
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Figure 1. Solubility of the 
silicon in cells of Nitzschia 
linearis in 6 days at pH 5, 
8 and 10 expressed in per 
cent of the total silicon 
content. 


Dissolved silicon in per cent of silicon 


content in diatoms 


days 


Experiments with Nitzschia linearis W. Smith. The experiments were 
carried out at three different pH values, 5, 8 and 10. 10~°-n hydrochloric acid 
aerated with a 5 per cent carbon dioxide-air mixture was used for experi- 
ments at pH 5. No buffer was applied at this pH-value, since adequate quan- 
tities of phosphate make the silicon determinations impossible. The alkaline 
solutions were buffered by means of carbonate-bicarbonate mixtures. That 
with pH 8 contained 191 mg KHCO, and 0.4 mg K,CO, per | and that with 
pH 10 132 mg KHCO, and 46.9 mg K,CO, per 1. The solution with pH 8 
was aerated with atmospheric air and that with pH 10 was aerated with air 
free from carbon dioxide. Containers of polystyrene was used in this experi- 
ment, each holding 100 ml solution. From a culture of the epiphytic fresh- 
water diatom Nitzschia linearis, killed with methyl alcohol, identical quan- 
tities of diatoms were added to the containers, and one portion was used for 

the determination of silica in the cells after the method described in Jorgen- 
sen 1955. Each portion contained 5 mg Si. Two, four and six days after the 
start the Si-concentration in the solutions was determined in 10 ml-samples 
according to the methods in Jorgensen 1953. 

Figure 1 shows the results of the three series. Each point is the average 
value of duplicate solutions. It is evident that the cells of this diatom are 
soluble in water and that the solubility is dependent on the pH of the solu- 
tion. Correns (1940) correspondingly shows that the solubility of silica in 
water depends on the pH with minimum values at pH 3 and increasing to 
pH 11, which is the highest pH value he has examined. In the present experi- 
ment during six days 0.3 per cent of the silicon in Nitzschia linearis was dis- 
solved at pH 5, 5.3 per cent at pH 8, and 17.2 per cent at pH 10. 


59 
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Figure 2. Solubility of Nitzschia linearis 
in 85 days at pH 10. 
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Figure 2 shows a similar experiment at pH 10 carried out in polyethylene 
bottles containing 500 ml solution. To each bottle a portion of cells of Nitz- 
schia linearis was added containing 2.1 mg Si. In this experiment the diatoms 
were filtered from the solution and added to new solutions after each silicon 
determination. This was done to avoid that the silicon concentration in the 
solution should influence the dissolution of silicon in the diatoms. The expe- 
riment lasted 85 days. The points are the average values of duplicate solu- 
tions. In this experiment only 5.2 per cent of the silicon content was dissolved 
in six days while 17.2 per cent was dissolved in the first experiment in the 
same period. Thus the silica compounds of cells from the same species are 
sometimes easier to hydrolyze than at other times. In 85 days 20 per cent of 
the silicon in the cells was dissolved. The shape of the curve shows that the 
rate of solution is much higher at the beginning of the experiment than at 
the end. This shows that the silica compounds of the cells are hydrolyzed at 
different rates. Some of the compounds are easy to hydrolyze, others are 
hydrolyzed with great difficulty. 

Experiments with Thalassiosira nana Lohmann. Similar experiments were 
carried out with a marine planktonic species, Thalassiosira nana. The experi- 
ments were carried out in polyethylene bottles containing 500 ml. Portions 
of cells containing 960 ug Si were added to each bottle in both experiments. 
Also in this experiment duplicate solutions were used. Figure 3 in the same way 
as figure 1 for Nitzschia linearis shows that the solubility depends on pH 
in the solution. In 8 days 1.3 per cent of the silicon in the cells was dissolved 
at pH 4, 4.2 per cent at pH 8, and 16.4 per cent at pH 10. In 14 days 5.4 
per cent at pH 8 and 32.3 per cent at pH 10 were dissolved. 
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Figure 3. Solubility of the silicon in cells of Thalassiosira nana in 14 days at pH 4, 8 and 
10 expressed in per cent of the total silicon content. 


In figure 4 an experiment of longer duration with Thalassiosira nana and 
four replicate solutions at pH 10 is pictured. In 14 days 32.3 per cent of the 
silicon in the cells was dissolved, the same quantity as in the first experiment. 
In this experiment there is a simple proportionality between the solubility 
and the time. After 37 days when the experiment was stopped 97 per cent of 
the silicon was dissolved. So this diatom will be completely dissolved at 
pH 10. 

The experiments with the two species show that the silicon compounds in 
the cells are soluble in water and that the rate of solubility depends on the 
pH, being greatest at the highest pH value. So the silicon compounds are 
found in forms in the cells that are more or less easy to hydrolyze. In Thalas- 
siosira all the silicon compounds are easy to hydrolyze. In Nitzschia linearis 
some parts are easy, others difficult to hydrolyze. 

Other factors affecting the solubility of diatom cells. According to solu- 
bility experiments with diatoms by King & Davidson (1933) diatoms heated 
in water before the experiment were not dissolved so fast as diatoms nol 


850 ERIK G. JORGENSEN 


100 


pH 10 


50 


Figure 4. Solubility of Thalassiosira nana in 37 
days at pH 10. 
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heated in this way. The authors supposed that an enzyme in the diatoms 
affecting the solution of silicon was inactivated in hot water. Several experi- 
ments carried out in connexion with the present investigations and in the 
same way as King & Davidson could not confirm their observations. 


Summary 


Experiments carried out with the diatoms Nitzschia linearis and Thalassio- 
sira nana show that the silicon in the cell walls is soluble in water and that 
the rate of solubility depends on the pH of the solution. The rate increases 
with increasing pH. At pH 8 not much more than 5 per cent of the silicon in 
the cells was dissolved in both species during the experiments, at pH 10 
Thalassiosira was dissolved completely. In the case of Nitzschia linearis 20 
per cent of the silicon was dissolved at pH 10 during the experiment. Thus 
the silicon compounds are found in the diatom cells in forms which are 
hydrolyzed at different rates. The silicon compounds in Thalassiosira are 


easy to hydrolyze at pH 10. In Nitzschia linearis some parts are easy to 
hydrolyze, others very difficult. 
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In fungi a few cases have been reported where a fatty acid constitutes an 
essential ingredient of the nutrient medium. Thus it has been shown by 
Benham (1941, 1947) that Pityrosporum ovale does not grow at all without 
oleic acid, and by Yusef (1953) that three species of Polyporus are greatly 
stimulated by this acid. Lein and co-workers have studied induced mutations 
of Neurospora crassa which exhibit an absolute requirement for certain fatty 
acids (Lein and Lein 1949, 1950, Lein, Puglisi and Lein 1953). 

Some years ago a number of fatty acid requiring mutants were isolated 
from the ascomycete Ophiostoma multiannulatum in this laboratory. Their 
physiological characters were not studied at that time, however, and only 
two strains were retained as stock cultures. These strains have now been 
more closely investigated. The results show that they differ in some essential 
points from the Neurospora mutants referred to above. 


Material and Methods 


The strains in question, Nos. 2374 and 2377, were produced in March 1950 by 
ultraviolet irradiation of wild type conidia. They could be kept alive by repeated 
transfers on »complete agar medium» without adding any fatty acids, although 
under such conditions the mycelium remained extremely thin and scarcely visible 
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on the agar surface, mainly growing submerged and not forming any aerial hyphae. 
No conidia were produced. 

Back-mutations to wild type occurred now and then in both strains and appeared 
as spots of a much denser mycelium, easily distinguished by its entirely different 
mode of growth. 

Since both mutants, in contrast to most Ophiostoma strains, were unable to grow 
in conidial form, their growth could not‘be photometrically estimated. The dry 
weight of mycelium produced in a liquid nutrient solution was therefore taken as 
a measure of growth. Small pieces of a plate culture on complete agar (Fries 1948) 
were used as inocula and transferred to 100 ml. Jena flasks containing the nutrient 
solution to be studied, 25 ml. per flask. »Modified medium 3» (Fries 1948) was 
used as the basal medium, although with ammonium sulphate {3.6 g/l.) instead of 
ammonium tartrate. The flasks were incubated at + 25° C for a suitable period of 
time. The developed mycelia were removed, washed with hot water, dried at + 100° 
C, and weighed. 


Experiments 


Good growth was obtained by adding appropriate fatty acids to the syn- 
thetic basal medium (Tables 1 and 2). All short-chain acids tested, possessing 
10 carbon atoms or less, viz. acetic, valeric, caproic, isocaproic, heptanoic, 
capric, succinic, fumaric, azelaic, sebacic, malic, tartaric, and citric acid, 
were completely incapable of supporting growth. No free acids with 11 to 15 
carbon atoms in the molecule were available for testing. All acids with 16 
or 18 carbon atoms, however, the effects of which could be investigated, sup- 
ported growth of the two mutant strains. In the concentrations tested the 
saturated acids, viz. palmitic and stearic acid, promoted growth more effi- 
ciently than the unsaturated ones in strain No. 2377, whereas the unsaturated 
oleic acid was most active in strain No. 2374 (Table 2). Linoic and linolenic 
acid proved less satisfactory. 


Table 1. Growth of the two mutant strains with various supplements added to the basal 
solution. — The basal medium contained ammonium tartrate (5 g/l) instead of ammonium 
sulphate. Initial pH varied from 5.25 to 5.35. The incubation time was 30 days for mutant 
No. 2374 and 29 days for mutant No. 2377. Average values from three cultures. 
——_—_——_—_—_—————————————"———…———— 
| Mycelium per flask, 
dry weight in mg 
No. 2374 | No. 2377 | 


Supplements per flask 


NOD CET Ce SOUL OPN, he Gt Oe OLE ae as CO et ent ele) | 0 
Malt extract (Vitrum) 0.2 °/o + Bacto yeast extract 0.02 er | 0 
Hydrolyzed casein (NZ-case) 0.2 °/o + 1 mg 1-tryptophane ...... 0 
Hydrolyzed casein (NZ-case) 0.2 Yo + 1 mg 1-tryptophane + L 

0.15 ml. Tween 80 (oleic acid derivative) ...........::.......| 37.5 47.0 


SOC 
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Table 2. Growth of the two mutant strains with various fatty acids. — All acids were added 
in form of sodium salts. Initial pH 5.6—5.9. Time of incubation 20 days. Average values 
from five cultures. 


Mycelium per flask, A 
Fatty acids added (dry weight in mg.) Final pH 
BngeDoratask) No. 2374 | No. 2377 | No. 2374 | No. 2377 
NOTE sea neers ee ers 0 0 5.4 5.2 
Palo tie ee Aa 5.2 16.3 3:1 2.9 | 
SLGATIC LA DER acs ee haces 4.8 15.2 34 2.1, | 
(QUES CONS PESTE ER Lt 9.1 11.3 3.3 2.8 
Linoic + linolenic, 4.3 . ........ 1.8 127 3.4 +4 


The best way of supplying the cultures with these long-chain fatty acids 
was in the form of »Tweens», i.e. as polyoxyethylene-sorbitan monoderiva- 
tives, which are much more soluble in water than the free acids (Table 3). 
In this form oleic acid proved to be the generally most active one of those 
tested. No. 2374 responded stronger to the saturated acids as sorbitan deriva- 
tives than did No. 2377. The former, but probably not the latter, was able 
to utilize lauric acid (13 carbon atoms) as Tween 20, although this acid 
appeared to possess a certain toxicity noticeable in higher concentrations 
(Tables 3 and 4). 


With Tween 80 as the source of oleic acid an investigation was made as 
to how much mycelium could be produced by the aid of a given quantity of 
Tween (Figure 1). Since Tween 80 contains c. 25 per cent of oleic acid (Davis 
1947) it is evident that the dry weight of mycelium produced is somewhat 
higher than the quantity of oleic acid supplied. It may thus be concluded 


Table 3. Growth of the two mutant strains with various Tweens. — The basal medium 

contained no glucose. Ten drops (=0.15—0.20 ml.) of Tween 40 weighed c. 18 mg, ten 

drops (=0.15 ml.) of Tween 80 c. 16 mg. Initial pH 5.4—5.7. Incubation time 31 days. 
Average values from five cultures. 


KL SSS 


li . . | 
Tween added in drops per flask ee N Be ad | 
No. 2374 No. 2377 
NOTÉE RE an er EEE 0 0 
Tween 207 \Laurate)s 2 5-drops mes 4.3 1.0 
10 PS ats ars 1.5 0.4 | 
ween 40 (Palmitate) Ds sansa en 221 31 | 
hd Mr ER 9.8 3.3 
Eween OOe(stearate):e 96 "se Slee eens 2.5 3.3 
10 EN ER 12.0 5.1 
Tween 80 (Oleate): D'AMENER 8.2 | 7.4 
LOT Sa Cader se aces 10.2 ey 
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100 mg 


Tween 80 


Figure 1. The production of mycelium by 
mutant No. 2377 with graded doses of 
Tween 80. The figures to the right in- 
dicate the quantity of Tween 80 in mg 
added to each flask. Each point repre- 
sents the average of five cultures. 


that oleic acid does not play the role of a vitamin-like growth-factor, nor 
does it serve as the sole source of carbon and/or energy. Therefore, the signi- 
ficance of the glucose present in the medium was investigated. 

In the following experiments strain No. 2377 was used as the chief test 
object, since it provided a more uniform material for inoculation than No. 
2374. From the experiments summarized in Tables 3 and 5 it can be seen 
that growth is possible with Tween 80 as the only carbon source, although 
it is considerably increased by glucose. Succinate improved the effect of 
Tween 80 as well as that of Tween 80 plus glucose. This might be due to 
the buffering capacity of succinate, but other interpretations are also con- 
ceivable. A similar beneficial effect was produced by tartrate, fumarate, 
malate, citrate, aspartate, and glutamate. 


Table 4. Growth of mutant No. 2377 with Tweens and glucose in various combinations. — 
The basal medium contained no glucose. Initial pH 5.70—5.85. Incubation time 13 days. 
Average values from four cultures. 


Mycelium per flask, dry weight in mg with 
Papplemente Tween 20 Tween 40 Tween 60 Tween 80 
per flask cs 
5 drops | 10 drops | 20 drops | 10 drops | 20 drops | 10 drops | 20 drops 
INON O'S: Seesen 0.4 if | 0.7 | 1.0 | 0.8 | 1.3 | 0.3 
Glucose, 500 mg 0.4 4.9 Ds eat 6.4 8.2 14.3 13.8 
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Table 5. Growth of mutant No. 2377 with Tween 80, succinate and glucose in various 
combinations. — Basal medium without glucose. Time of incubation 20 days. Average 
values from eight cultures. 
er, 
Additions per flask Mycelium per flask, 

dry wt. in mg 


Tween 80, 25 mg | Sodium succinate, 229 mg| Glucose, 500 mg 


Dr 


Po Ehe 
++ | 
+ 
bo — 
Dean 
1 IN) COR Re Ree 


A more extensive experiment with various combinations of carbon sources 
confirmed the above results (Table 6). In judging the figures obtained, how- 
ever, it is necessary to keep in mind that sodium palmitate was not comple- 
tely dissolved in the nutrient solution unless Tween 80 was simultaneously 
present. This explains, at least partly, the high yield obtained with both these 
substances combined. The buffering effect of sodium succinate is particularly 
clear in the glucose series. A glucose determination showed that, in the series 
with Tween 80 and palmitate, 25 per cent of the glucose, i.e. 62.5 mg per 
flask, had been consumed after 25 days. 


Table 6. Growth of mutant No. 2377 with Tween 80, palmitate, succinate, and glucose in 


various combinations. — Basal medium without glucose. Average values from five cultures. 
Additions per flask | vie ber ee dry pH 
Pe Sodium Sodium 
I'ween 80, : à Glucose | 
4 palmitate, | succinate, | : ; 15 days | 20 days | 25 days | Initial! Final 
25 mE |" 136 mg | 28.6 mg | 50008 ; 3 ‘ 
| 
| 

— — - — | 0 | 0.1 0.1 4.3 4.3 

| — — — 1.8 1.9 1.3 4.3 3.8 
| + = 0.3 17 1.2 5.7 5.6 | 
= _ + = | oO 0 0 5207 15.97 

+ + - — 4.9 1,2 6.0 5.8 | 5.3 

| + — + 3.4 3.4 2.6 5.7 | 7.0 

| _ | + 4 — 0.2 1:9 LSP | Le 

+ | + + — 3.8 4.6 3.7 5.9 | 69 

= | = = gs 0 | 0 | 0 4.2 4.2 

= | ; = As 8.4 10.825) 2112 4.2 2.9 
| = = | — Æ 4.6 5.9 6.3 D SAS 3.3 | 
- | me: dle su + 0.5 N 0 | 5.7 | 5.5 | 

| = | er = + | 23.9 26.4 2.9.6 IN AT 2.7 

| + | = + ef ı 18,1 23.8 25.0 5.7 3.0 

| je al ai, + | 1.8 2.6 4.1 | 5.7 4,7 
el, à + | 30.1 37.5 56.7, mS.Bulanas 
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In the presence of larger amounts of Tween 80 and sodium palmitate the 
mycelial production was approximately proportional to the quantity of 
glucose added, the economic coefficient being about the same as that obtained 
with Tween 80. 


Discussion 


From the experiments now described it seems quite evident ihat mutant 
strain No. 2377 (and probably also No. 2374) represents a physiological type 
different from all other fatty acid requiring mutants earlier investigated. 
Unlike the Neurospora mutant No. S-210 (Lein and Lein 1950) it is incapable 
of growing with acetate, and unlike the Neurospora mutant No. S-11 (Lein 
and Lein 1949, Lein, Puglisi and Lein 1953) it grows with both saturated and 
unsaturated long-chain acids. 

Although the fatty acids are required in such amounts that they must be 
utilized not only as building material but also as sources of energy, growth 
without sugar is very poor. Since the wild type is able to get on with sugar 
alone, something seems to have been blocked or damaged in the biochemical 
equipment of these mutants, which can be compensated for by the supply 
of certain fatty acids. It appears useless, however, to speculate on the bioche- 
mical mechanism behind these unusual nutritional requirements, until more 
is known about how the sugar and the fatty acids are melabolized by the 
mutants. 

It is interesting to note that the lipophilic fungus Pityrosporum ovale 
(Benham 1947) seems to represent a wild type parallel to No. 2377, in so 
far as it displays the same need for a fatty acid plus glucose in order to pro- 
duce a satisfactory growth. 


Summary 


The mutants Nos. 2374 and 2377 of Ophiostoma multiannulatum could be 
cultivated in a glucose-mineral-salt solution if palmitie, stearie or oleic acid 
were included in the medium. Lauric, linoic, and linolenic acid proved less 
satisfactory, and no acid with a carbon atom number below 10 showed any 
activity. 

The growth was poor unless glucose (or some other suitable carbohydrate) 
was present together with the fatty acid. Each compound was required in 
such quantity as to suggest a utilization not only as a nutrient but also as 
a source of energy. 

The investigation has been supported by a grant from Eli Lilly and Co., Indiana- 


polis. 
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Introduction 


In the experiments earlier described (Fries 1954), which demonstrated the 
significance of arginine, glycine, and adenine as limiting factors in the growth 
of etiolated, decotylised pea seedlings, a number of vitamins were always 
present in the basal medium. Of these vitamins thiamin (B,) and niacin 
were known to be indispensable for pea root cultures (Addicott and Bonner 
1938), whereas the others had been reported as partially limiting factors for 
decotylised pea seedlings (Kögl and Haagen-Smit 1936, Saubert-v. Hausen 
1948). 

A few experiments were then performed in order to throw some light 
upon the röle of the vitamins in the medium. It was found that the etiolated 
_ and decotylised seedlings did not grow without vitamins being added, but 
that the only vitamins required during an experiment were thiamin and 
pyridoxin (Fries 1955). The experiments reported in the present paper con- 
firm these results and demonstrate certain qualitative and quantitative dif- 
ferences between the two vitamins as regards their activity. 


Material and Methods 
All seedlings were obtained from »Torsdag III» pea seeds of the 1953 harvest. 


The sterilisation and soaking of the seeds as well as the arrangement of the experi- 
ments in general was carried out in accordance with earlier, detailed descriptions 
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(Fries 1953, 1954). When not otherwise indicated the seedlings were cultivated for 
15 days in ordinary culture tubes with 10 ml. nutrient agar medium. When Ryan 
tubes were employed, they contained 15 ml. of the same medium. 

The composition of the basal nutrient solution, solidified with 1.5 per cent agar, 
was the same as earlier described, except that the two vitamins thiamin and 
pyridoxin (and in the two experiments of Table 1, niacin) were omitted. Since these 
vitamins must represent the only limiting factors of the medium, the three partially 
limiting metabolites, arginine, glycine and adenine (each 0.3 mM) were always 


included in the solution. 

The cultures were kept in darkness, if nothing to the contrary is stated. When 
they were exposed to the light, this means that they were irradiated with white light 
for 14 hours a day. The light source was a combination of an incandescent lamp 
and a mercury lamp (Äberg 1943, p. 27), which produced c. 4,000 lux at the distance 
where the culture were placed. However, the cotton plugs shaded the seedlings from 
a great part of the direct irradiation. The lower part of the tubes were covered 
with black paper to prevent light from reaching the roots. 


Experiments 


A. Introductory experiments 


The result of an experiment with the three vitamins, thiamin, pyridoxin 
and niacin, in various combinations has already been briefly reported and 
commented on in an earlier paper (Fries 1955). A few more words may be 
said about the data obtained from this experiment (No. 1200 in Table 1). 
As the figures show, thiamin and pyridoxin, but not niacin, are necessary 
for the growth of the main root of the decotylised seedling. However, if the 
growth of lateral roots is considered, niacin (in addition to thiamin) seems 
to be more important than pyridoxin (Figure 1). 


The excised roots apparently developed equally well with as without 
vitamins during the 15 days of the experiment. The difference in average 
length of laterals is not statistically significant. With the three vitamins 
added the attached roots grew at the same rate as the excised ones, the most 
striking difference being not the number or average length of laterals but 
the distribution of the laterals along the main root axis. 


The importance of thiamin and pyridoxin also appeared from experiments 
with Ryan tube cultures (Figure 2). The cultures of decotylised seedlings 
need no comment; the root cultures, just as in the above reported experi- 
ment No. 1200 (Table 1) did not show any response to the two vitamins 
during the 15 days of the experiment (Expt. 1189, Figure 2). However, if 
excised roots are grown in Ryan tube culture during a longer period a dif- 
ference in growth rate (not shown in Figure 2) between those with and 
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Figure 1. Schematic reproduction 
of decotylised seedlings cultivated 
in test tubes for 15 days with ad- 
ditions of various vitamins. Each 
plant in the figure is a composite 
picture of seven plants picked at 
random from the series, the shoot 
and the main root length being the 
average of these seven shoots and 
main roots. The insertion point of 
each lateral root occupies the same 
relative position on the average 
main root as on the real main root 0 Be + Nic B,+ Nic 
to which it belongs. Otherwise all 
sizes are 7/5 of the natural size. 


those without the two vitamins becomes visible after 15 to 20 days. Since 
the excised roots do not require pyridoxin this difference is probably 
exclusively based on the effect of thiamin. 

Light makes it possible for the seedling to synthesize all necessary vita- 
mins. However, as demonstrated convincingly by Saubert-v. Hausen (1948), 
the synthesizing power of the decotylised seedling even in full daylight is 
far from optimum during a long period following germination. Without 
sugar in the medium no growth occurs even with vitamins added. With 
2 per cent sucrose, however, growth is possible in light without any vitamins, 
although it only slowly surpasses the growth in darkness with vitamins 
(Expt. 1208 in Table 1). In the former case the shoot is favoured, in the 
latter the root system. A peculiar fact is that the number (but not the average 
length) of the lateral roots is greater in darkness. Whether the roots are 
directly affected or whether the effect is produced indirectly through media- 
tion of the shoot is difficult to determine, since it was impossible to screen 
off the submerged part of the seedlings completely from light. 
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Table 1. Effect of thiamin (By), pyridoxin (Be), and niacin amide (Nc) on the growth of 
decotylised pea seedlings and excised pea roots. 


Unless otherwise stated in the »Particulars» column the experimental material con- 
sisted of decotylised plants cultivated in the dark. »Roots» means excised roots with the 
hypocotyl attached. The concentration of each added vitamin 100 ug./l. Niacin was omitted 
from the basal medium. Shoot length, root length (incl. hypocotyl), and dry weight of the 
seedlings at the start of the experiments were in Expt. 1200: c. 6 mm, 31 mm, and 4.8 mg. 
in Expt. 1208: c. 5 mm, 27 mm, and 5.9 mg., respectively. Each series in Expt. 1200 com- 
prised ten, in Expt. 1208 eight cultures. 
ee 


Pa on AVE oe a Time Length in mm No. of) Dry weight in mg. 
xpt. | Vitamins | Parti-| ;„ | jateral Root [Whole 
No. added |culars days Shoot | Main root EN roots | Shoot system| plant 

None. — 15 |111+3| 84.7 + 4.2 10.9 Zu del 4.5 11.6 
BNC 15 |114+3| 90.8 + 3.6 21.6 8.6 7.3 4.8 12.1 
BEN wu) —— 15 |116+3| 91.4 + 6.9 54.3 6.9 6.7 5.0 11.7 
1200 BiB gece: — 15 |116 +1 | 123.0 + 2.6 15.4 | 10.6 7.3 5.1 12.4 
B,B,Ne — 15 |113 + 2 | 136.5 + 2.5 44.0 | 11.2 7.3 5.6 12.9 
None ...| Roots} 15 — 134.0 + 3.9 88.3 | 17.6 — 14.1 = 
B,B,Ne | Roots| 15 — 142.4 + 1.0] 104.0 | 17.1 — 14.3 — 
— 10 65 +3| 79.4+ 5.6 | 8.6 4.7 5.3 4.4 oat 
pate — 15 98 +6! 86.5 + 4.5 15.4 8.9 6.1 4.7 12108 
“")/ Light | 10 6847| 87.3+3.6| 15.8 4.3 5.2 5.3 10.5 
Light 15 111 E9| 95.0 2.9 23.3 7.4 7.7 00541 10128 
1208 — 10 65 + 4 | 108.4 + 3.7 9.9.0 ALT 5.020 4922938 
B.B.Ne — 15 |102 +5 |119.9 + 5.7 63.9 | 11.5 6.4 5.1 11.5 
eS Light | 10 63&5,111.93 =. 3.7) 712.71. 02.777729 5.9 10.8 
Light | 15 |126 + 7]|135.3 + 5.8 83.8 8.7 8.2 5:9: (MIA 
BıNe 2) = 15 97+7| 97.8 + 2.8 73.6 | 6.1 6.1 5.0 ital 


Table 2. Effect of thiamin (Bı) on the growth of decotylised pea seedlings. 


The medium contained pyridoxin in both experiments. The concentration of each added 
vitamin 160 ug./l. Shoot length, root length (incl. hypocotyl), and dry weight of the 
seedlings at the start of the experiments were in Expt. 1201: c. 6 mm, 30 mm, and 7.0 mg. 
in Expt. 1209: c. 3 mm, 26 mm, and 6.1 mg., respectively. Each series comprised ten cul- 
tures. For details of the injection technique see the text. 


EE mm 
| 


le Time! Length in mm No. of! Dry weight in mg. 
‚xpl.| Vitamins added in , ah ‚lateral 
No. à | Lateral | latera Root | Whole 
| days) Shoot | Main root roots | roots | Shoot system| plant 
ER de { 15 | 127 + 2| 105.8 + 2.7 42.3 | 13.5 (A) 5.2 | 13.1 
1201 | “Ur 20 1132+ 3 | 109.2 + 2.0 46.9015, 13.5 9.3 5.6 14.9 
: ‘ 15 | 128+ 3 | 144.5 + 3.2 88.8 | 15.5 8.2 5.9 
| B, in the med | = 4 : see 
poe AL 20 | 146 + 4] 154.2 + 3.5] 133.5 | 17.0 | 101 | 62 | 16.3 
“ate ex ae dena A ere 15 89 +5| 76.8 + 3.7 12.0 6.2 5.6 4.4 10.0 
| , in the medium} 15 |109 + 3 | 128.4 + 3.5 42.8 | 10.7 5 
11209] None (H,O in SI hai 
| capillary) ER 165) 92+ 4] 76.0 + 3.0 12.3 6.0 5.6 4.2 9.8 
B, in capillary ...| 15 |102+3| 881 + 2.3 16.0 fol 6.1 4.8 10.9 
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Figure 2. Effect of thiamin (B;) and pyridoxin (Bg) on the growth of decotylised seedlings 
and excised roots cultivated in Ryan tubes. Only the final length of the shoot was recorded. 
Both vitamins were tested in concentrations of 100 ug./l. (=1.5 ug. per culture). The 
number of cultures per series was in Expt. 1189:12 in both series without vitamins, 
8 in the series with seedlings and vitamins, and 11 in the series with excised roots and 
vitamins, and in Expt. 1203:9 in the series with Bg and 6 in the series with B;+B6. 


B. The effect of thiamin 


The rôle of the time factor in the effect of thiamin is shown in Table 2 
(Expt. 1201) and Figure 2. It appears from the table that in ordinary culture 
tubes the development of the decotylised seedlings in the absence of thiamin 
is almost completely stopped already after 15 days. Five days later no 
significant increase could be noted either in length of shoot, main root or 
laterals, or in the number of laterals. With thiamin the seedlings continued 
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Figure 3. Effect of thiamin (Bı) 
on the root system of decoty- 
lised pea seedlings. The upper 
diagram shows the length of the 
main root attained after 15 days 
with different doses of Bı. The 
broken line shows a correspond- 
ing curve for Bg. In the lower 
diagram the average length of 
the laterals per root system 
(circles) is given, as well as the 
average number of laterals per 
root system (squares). Most 
points represent average values 
from six cultures. 


10 ug By per tube 


to grow in all these respects, although the elongation of the main root was 
probably impeded by the culture conditions. 

The growth curve of the attached main root in a Ryan tube culture has 
the same shape as those obtained with arginine, glycine or adenine as the 
limiting factor (Fries 1955, pp. 25, 33 and 34), except that the growth stops 
more definitely in the absence of thiamin (Figure 2). 

In all the experiments with thiamin the same concentration of 100 ug./l. 
was tested. This is obviously several times more than actually necessary, 
since the same effect is produced by a ten times lower concentration, at 
least in an experiment of 15 days’ duration (Figure 3). The critical thiamin 
level seemed to be much higher for the main root than for the lateral roots, 
which developed quite normally with only 1 ug./l., ie. 0.01 ug. per tube, of 
thiamin. No inhibitory or otherwise deleterious effects could be observed 
in cultures with very high doses of thiamin. 

Even in the presence of other vitamins and with sucrose as a supple- 
mentary source of energy light cannot completely compensate for a lack of 
thiamin. It is true that the shoot develops better in ail respects without thi- 
amin in light than with this vitamin in darkness, but the root system does 
not seem to benefit from the irradiation even during a comparatively long 
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Table 3. The significance of light for the response of the seedlings to thiamin (Bi). 


Concentration of thiamin, when added, and of pyridoxin 100 ug./l. Each series com- 
prised eight cultures. 


ee ee A La TB I EI REIN BET IE EINER TB 
| . Incubation Length in mm No. of, Dry weight in mg. 
“Additions an, time in m 7 Lateral lateral u Root |Whole 
SI À € i is | ) N 
| | days 100t | Main root roots | roots | Shoot system| plant | 
| Dark 15 | 807) 71.0 + 5.0 Seo. COLE 5,2 | 48 10.0 | 
ENG Dark 30 120+ 9 76.7 + 5.4 | 3.0 dar fl a4 125 
| Light | 15 74+ 9 74.6 + 4.0 16.4 2.0 5.7 5,9 11.6 
| | Light | 30 M94 8 68.8 + 8.5 22.2 3.2 92 5.3 14.5 | 
| | Dark | 15 13 1 77 + 9.5 | 8.3 3,07 46 | 9.3 | 
oo Dark 30 133 + 11) 107.6 + 8.7 72.4 Ball ed 6.7 14.4 
fa ce) Light | 15 | 67 + 6 110.44 3.4 13.3 2.0 4.9 6.1 11.07) 
Light | 30 194 + 13} 121.3 + 7.8| 1023 SF 012.2 1:9 19% 


time of incubation (Table 3). As a matter of fact, the main root length 
remained unchanged and the dry weight of the root system decreased in 
irradiated seedlings without thiamin during the second 15 days’ period. The 
best general development was attained in the series with both light and 
thiamin. 

If we assume that a synthesis of thiamin is induced in the shoot through 
irradiation, it is surprising that none of this thiamin reaches the root system. 
As was shown in Figure 3, extremely small quantities are sufficient for 
producing a clear response in this part of the seedling. In order to find out 
if a transport of thiamin could occur from shoot to root at this stage of 
development in seedlings cuitivated under these conditions, Ihe following 
experiment was performed. 

Glass capillaries closed at one end and having an inner diameter of 0.1— 
0.2 mm. and a length of 10—12 cm. were filled with a concentrated sterile 
solution of thiamin, 10 mg./ml. The open end of the capillary was introduced 
into the epicotyl of an etiolated, detotylised pea seedling six days old and 
growing in an ordinary tube culture. This operation was performed under a 
microscope with the culture tube in horizontal position. The capillary was 
squeezed in through a hole in the epidermis just above the second node, 
this hole having been made immediately before by means of a sharp needle. 
The upper, closed end of the capillary which protruded a few centimeters 
from the culture tube was then broken, so as to permit the thiamin solution 
to be absorbed by the epicotyl tissue. Each capillary contained c. 0.0022 ml. 
solution, i.e. 2.2 ug. thiamin. 

Another series of seedlings was provided with capillaries containing dis- 
tilled water, which was injected in the same way as described above. These 
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Table 4. Effect of graded amounts of pyridoxin on the growth of decotylised pea seedlings. 


The medium contained 100 ug./l. of thiamin, ie. 1 ug. per culture tube. The seedlings 
had a shoot length of c. 4 mm, a root length of 24 mm, and a dry weight of 5.7 mg. at 
the start of the experiment. Each series comprised eight cultures. Incubation time 15 days. 


"g. pyridoxin Length in mm No. of Dry weight in mg. 
per culture lateral 
tube Shoot | Main root | Lateral roots! roots | Shoot | Root system | Whole plant 
| 

0 104+3| 90.3 + 3.6 51.4 7.1 6.2 4.0 10.2 
0.01 100 + 5| 90.3 + 5.0 43.8 6.5 6.4 4.3 10.7 
0.03 102 + 5| 92.5 + 4.7 51.6 7.6 6.5 4.2 10.7 
0.1 108 + 1 | 103.0 + 6.5 52.6 7.5 6.7 4.6 11.3 
0.3 106 + 3 | 117.3 + 3.8 42.1 9.9 6.4 4.6 11.0 
1 108 + 2 | 126.1 + 4.9 51.9 11.8 6.8 5.0 11.8 
3 108 + 4| 131.4 + 2.2 56.9 11.9, | 76.9 4.8 1127 

10 107 + 5 | 129.1 + 3.6 49.6 Die 6.8 5.0 11.8 


cultures served the purpose of making sure that the mechanical irritation 
caused by the capillary did not produce any special effects on the seedlings. 

Since the capillaries were empty at the end of the experiment the quantity 
of thiamin supplied, c. 2.2 ug, must have been absorbed by the shoot. As 
appears from Table 2 (Expt. 1209), however, this quantity of thiamin caused 
a considerably weaker effect in the seedling than the smaller amount of 
thiamin present in the medium of another series. Thus it appears that under 
the prevailing circumstances thiamin is distributed and utilized by the 
seedling much more efficientiy when it enters through the root system and 
is transported upwards than when it is introduced through the shoot and 
transported downwards. This is surprising, since the latter mode of trans- 
location seems to correspond more closely to the normal way of distributing 
thiamin in the plant. 


C. The effect of pyridoxin 


Repeated experiments with pyridoxin demonstrated that the response of 
the decotylised seedlings to this vitamin varied considerably with the cir- 
cumstances. Contrary to thiamin, pyridoxin seemed to be influenced in its 
activity by the presence of certain other metabolites in the medium. The 
age or the physiological state of the seedlings apparently also played a röle 
difficult to elucidate. 

The quantities of pyridoxin required for normal growth of the main root 
are ten to thirty times greater than those of thiamin (Table 4). The average 
number of laterals as well as the dry weight of shoot and root are also 


increased by pyridoxin, whereas the growth rate of the laterals is completely 
unaffected (cf. Expt. 1200, Table 1) 
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Discussion 


Excised pea roots cannot be cultivated continuously unless they are 
supplied with thiamin and niacin together with a suitable source of carbon, 
while the whole pea plant does not require any organic supplements at all 
if it is grown in the light. Under such circumstances the shoot obviously 
synthesizes the metabolites required by the root. The probably rather com- 
plicated nutritional relations between shoot and root have been discussed by 
Robbins and Bartley Schmidt (1938, p. 722) in connection with his tomato 
root culture studies: » Why should the top of the tomato plant form thiazole 
(or vitamin B,) while the root does not? It would not appear to be a light 
relationship, since some fungi apparently form vitamin B, in the dark. It 
would not appear to be related necessarily to chlorophyll, since some fungi 
(which lack chlorophyll) form vitamin B, (5).» 

The experiments with decotylised pea seedlings do not indicate, however, 
that the shoot of this plant is more capable of forming thiamin in darkness 
than the root. Even in the light the synthesis of this vitamin seemed to 
proceed at a suboptimum rate during the time of the experiment. The 
optimum concentration required by the shoot is very small and of the same 
order of magnitude as that required by the root, perhaps somewhat lower 
(Robbins and Bartley 1937, Bonner 1937, White 1937). 

An alternative interpretation would be that the shoot is actually able to 
form enough thiamin for its own needs, although nothing is transported 
down to the root during this stage of the development. Against this, however, 
speaks the fact that the experiment with capillary injection of thiamin into 
the shoot indicated a certain translocation to the root, and, furthermore, the 
fact that the shoot is also stimulated by an addition of thiamin to the agar 
medium. 

Contrary to the excised root the main root of the decotylised seedling does 
not require niacin. This may either be due to the very short duration of the 
experiment, which does not permit any symptoms of deficiency to appear. 
or the shoot may be capable of forming niacin in amounts sufficient for its 
own growth and that of the root. However, the amount of niacın available in 
the seedling does not seem to permit an optimum development of the entire 
root system, since the growth of the laterals is markedly retarded in a niacin- 
free medium. 

More surprisingly, the decotylised seedling needed pyridoxin (Fries 1955), 
a vitamin not required by the excised root (Addicott and Bonner 1938). The 
necessary concentration is ten to thirty times higher than that of thiamin. 
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Summary 


In a sucrose-mineral-salt medium supplemented with arginine, glycine 
and adenine the two vitamins thiamin and pyridoxin represent the chief 
limiting chemical factors for decotylised pea seedlings grown in darkness. 
To support a normal growth rate of the main root 10 ug./1. (=0.1 ug./culture) 
of thiamin and 100 ug./l. (=1ug./culture) of pyridoxin are needed. As regards 
other features of the growth and development of the seedlings certain quan- 
titative and qualitative differences in the mode of action of the two vitamins 
and of niacin amide were observed. Even in the light the amount of thiamin 
added controlled the rate of growth to a certain degree during the time of 
the experiment. 


The author is indebted to Mrs. Karin Norell for valuable technical assistance. 
The investigation has been supported by a grant from Eli Lilly and Co., Indianapolis. 
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Cytochrome Oxidase Participation in Photosynthetic 
Fixation of Carbon Dioxide: Specific Light Reversal 
of Carbon Monoxide Inhibition 


By 
ALBERT R. KRALL ! 


Biology Division, Oak Ridge National Laboratory, 
Oak Ridge, Tennessee 
(Received July 14, 1955! 


The inhibition of photosynthetic carbon dioxide fixation caused by expo- 
sure of barley leaves to nitrogen in light or darkness, to carbon monoxide 
in darkness, the reversal of nitrogen inhibition by short exposures to air in 
darkness, and the prevention of the carbon monoxide inhibition by illumina- 
tion during exposure to the inhibitor have all been interpreted as evidence 
for the participation of cytochrome oxidase in reactions leading to carbon 
dioxide fixation (Krall and Burris, 1954). Earlier results that may be inter- 
preted in this same manner are the reversible inhibition of carbon dioxide 
uptake by anaerobiosis reported by Willstätter and Stoll (1918), the cyanide 
inhibition of oxygen evolution found by Warburg (1919), and a prolonged 
lag in resumption of oxygen evolution upon illumination after a period 
of dark anaerobiosis (Franck et al., 1945; Hill and Whittingham, 1953). 
Gaffron observed a light-reversible carbon monoxide inhibition of carbon 
dioxide fixation (1935) which he later attributed to inhibition of a hydro- 
genase associated with the photoreduction process (Gaffron, 1942—43). 
Only Hill and Whittingham (1953) concluded that the inhibition they 
observed could have been the result of a lack of oxidative action during and 
following the dark period. 

This paper reports work which lends strong support to the idea that 
cytochrome oxidase is an integral part of the photosynthetic machinery. 


1 Address after Oct. 1, Botany Dept., Univ. of Minnesota, Minneapolis 14, Minnesota. 
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Materials and Methods 


Cut first leaves of barley (Hordeum vulgare var. Oderbrucker) 7—12 days old 
were used for all the experiments reported here. Second and third leaves of barley, 
in equal weights, have been used in a few experiments and they respond in the same 
manner to changes in conditions as do first leaves. The rate of C™ fixation was 
determined with apparatus similar to that described earlier by Krall and Burris 
(1954) with the exception that C140, was not generated each time from BaC40, 
but was made up in large quantities — 20 to 30 ml. — and aliquoted by a gas 
burette into a vessel similar to that used previously for C140, generation. In some 
cases the exposure to label was started and stopped by solenoid valves controlled 
by a delay circuit (Krall, 1955). The solenoids used here were type 6 PPW made 
by the Allen-Bradley Company (of Milwaukee, Wisconsin, USA), to which were 
attached springs and a blade and anvil, which closed a rubber tubing when the 
solenoid was not energized. 

The light meter used, a Weston Model 756 with a Viscor filter, was calibrated 
for absolute energy measurement of the sodium lamp emission against a National 
Bureau of Standards primary standard lamp, a thermopile being used as the 
energy sensing element. The energy levels reported are accurate to about +5 P/o. 


Experiments and Results 


The work reported previously (Krall and Burris, 1954) did not establish 
the light reversibility of the carbon monoxide inhibition; rather, it showed 
only light prevention of this inhibition; nor were experiments conducted to 
show the effect of darkness on the plant as differentiated from that of 
anaerobicity. Such experiments have now been done and are reported in 
table 1. 

The first experiment is the control: it has previously been shown (Krall 
and Burris, 1954) that the rate of fixation of C#O, does not vary more than 
5 per cent in different batches of barley leaves on the same day. The second 
experiment shows that exposure to higher concentrations of CO, neither 
increases nor decreases subsequent carbon dioxide fixing ability of the 
leaves. Since the inhibitions observed with nitrogen were thought to result 
from prolonged induction effects, rather than from any permanent damage 
to the plant, it was reasoned that darkness should have some effect on the 
rate of carbon dioxide fixation as measured here. Experiments 3, 6, and 7 
show the magnitude of this effect. The latter two experiments, with 0.1 and 
9.0 per cent oxygen in nitrogen, show that only very small partial pressures 
of oxygen are necessary to prevent complete inhibition, such as those pre- 
viously observed by Krall and Burris (1954) after incubation with No. 
Experiments 4 and 5 show the result of exposure of the leaves to 95 per cent 
carbon monoxide, 5 per cent oxygen mixtures for 45 and 90 minutes. The 
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Table 1. Effect of variations of light and of composition of preflush gas on subsequent 
CHO» fixation. 
oo = 


Expt. No. Pretreatment Conditions cu fixed Percentage | 
Flush gas Min. Light (cts/sec/g) inhibition 
1 APE en A sey > 60 2000 f: white 43,000 0 | 
2 air+1 %/ CO» ........ | <60 | 2000 fe white 41,400 | 3.100 
3 BE ET RR 75 Dark 16,200 60 
4 95 /o CO—5 % 02 .... 45 | Dark le 456,8000r 4's 854 
5 95 %/o CO—5 %/0 Oo .... 90 | Dark 2,380 945 | 
6 99.9 °/o No—0.1 9/0 Oo .. 45 Dark | 16,600 61.5 | 
7 95 %/0 No—5 %/0 Og .... 100 | Dark | 14,500 66.0 | 
8 a | 95%CO—5% 0: ....| 45 | Dark | | 
b 95 °/o CO—5 1/0 Oo | 2 | 500 fc yellow | 13,400 69.0 | 
ga 95 °/o CO—5 °/o Oo 45 Dark 
b | 95 0/0 CO—5 % Oo 5 | 500feyellow | 27,000 37.0 | 
10 a 95 °/o CO—5 1/0 Os 45 Dark | 
b 95 °/o CO—5 1/0 Oo 20 500 fe yellow | 28,100 35.0 
dia 95 °/o No—5 %/0 Ov 45 Dark | 
b 95 °/o No—5 0/0 Ov 5 500 fe yellow | 16,600 61.5 


One gram of cut barley leaves, 6—7 days old, were preflushed as indicated in column 2. 
In the last four experiments two conditions were used, a before b. The preflush gas was 
removed by evacuation and 1 per cent CO»: in Na containing 2.5 per cent C!* admitted. 
The chamber was illuminated by 2000 fe white light during a CO» fixation period of 
60 seconds. The CO: was removed by evacuation and boiling 80 per cent EtOH admitted. 
An aliquot of the extract was counted in a gas flow proportional counter. Counts are not 
corrected for geometry. 


latter inhibition is greater than that usually obtained with this ratio of 
inhibitor to oxygen in heart muscle sarcosomes (Slater, 1950). The experi- 
ments reported here are typical of several experiments of this type done 
with barley leaves of different ages. Experiments 8, 9, and 10 show that the 
inhibition induced by carbon monoxide in darkness is largely reversed by 
exposure of the tissue, in the presence of inhibiting gas, to yellow light from 
a sodium arc lamp. The effect of the yellow light is essentially complete 
within 5 minutes. This compares closely with the time required for the 
reversal by air of the anaerobic inhibition observed before (Krall and Burris, 
1954). Experiment 11 shows that exposure 10 the yellow light has a greater 
effect on leaves that have been exposed to carbon monoxide than those 
where a nitrogen-oxygen mixture was used. It may be that the plant uses 
carbon dioxide produced by an anaerobic fermentation process induced by 
the carbon monoxide, which then allows it to pile up photosynthetic inter- 
mediates and lessen the usual dark to light induction effect. Support for 
this idea comes from the fact that inhibition was not as complete in those 
experiments where the 1 per cent carbon dioxide present in the commercial 
carbon monoxide used was not removed by an alkali trap. 
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Table 2. Effect of red and yellow lights on steady state photosynthesis and reversal of 
carbon monoxide inhibition of photosynthesis. 


oT 


| if 
Expt. No. Pretreatment | Heversal uen ee S oO, 

| Gas Time (min.) 

1 19/5 CO» in air „aa, 20 yellow 2,540 

2 10/T COS 1 alr een 20 red 7,500 

3 95 9/0 CO—5 2/0 Oo .... 60 dark 700 
| 4 95 %/o CO—5 9/0 Oo .... 60 2 min, 45 sec red 11,200 

5 95 9/9 CO—5 %/o Oo .... 60 2 min, 45 sec yellow 19,000 

6 95 9/0 CO—5 Yo Oo .... 60 10 min red 19,800 

7 95 op CO—5 9/0 Oo .... 60 10 min yellow 22,320 


One gram of barley leaves were pretreated as shown and then exposed to the reversal 
light in the same gas mixture. One per cent COz in Ne containing about 2 pr cent ce 
was flushed in after evacuating the exposure chamber. The exposure to CO: was 45 
seconds. The reversal lights and exposure light intensities were about 75 fc for reversal 
and 2000 fc white for C140O> exposure. All lights and apparatus were left in the same posi- 
tion throughout the experiments. Yellow lamp was sodium arc (589 mu); red was from 
150-watt reflector spot with red filter (Corning 2030) cut off at 640 mu. Killing and 
counting procedures are the same as in table 1. 


Utilization of light by photosynthesizing wheat leaves is most efficient 
in the blue (ca. 450 mu) and in the red (ca. 660 mu) regions of the spectrum 
(Burns, 1937). Warburg and Negelein (1929) have shown that the action 
spectrum of the photodissociation of a cytochrome oxidase-carbon monoxide 
complex, which is enzymically inactive, has peaks at 440 and 590 mu. Hence 
it was thought possible that the use of red light of a wave length longer 
than 640 muy and of light from a sodium vapor lamp (589 mu) might provide 
a means of differentiation between a reversal of the carbon monoxide inhibi- 
tion by direct action of the light on the complex or the indirect effect of 
competitive reversal by oxygen or other oxidizing material produced by the 
photolysis of water. The first two experiments of table 2 show the rate of 
steady-state photosynthesis under the two lights. These experiments were 
run by substituting CO, for the unlabeled gas after 20 minutes of illumina- 
tion, then killing the leaves with hot ethanol after 45 seconds. The red light 
was three times as effective as the yellow light in promoting steady-state 
photosynthesis. The next five experiments (3 to 7) show the amount of inhibi- 
tion induced, in this series of runs, by a 1-hour exposure to the carbon 
monoxide, and the differential reversal of this inhibition by either red or 
the yellow light. The red light was only about half as effective in reversal 
as was the yellow light at the shorter time. The yellow light had no further 
effect after 5 minutes as shown by data in table 1, but red light caused an 
increase in the rate of uptake of CO, up until about 20 minutes. The rapid 
action of yellow light is consistent with the hypothesis that its primary effect 
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is photodissociation of a carbon monoxide-cytochrome oxidase complex. 
The slower effect of the red light is probably the result of a gradual buildup 
of oxygen inside the tissue which displaces the carbon monoxide from the 
enzyme. 

An attempt was made to observe a direct stimulation by oxygen of steady- 
state photosynthetic carbon dioxide fixation. Barley leaves were exposed, 
under constant illumination, to nitrogen-carbon dioxide mixtures circulated 
in a closed system for 20 minutes. They were then allowed to fix labeled 
carbon dioxide for a short time and the rate of uptake of the label deter- 
mined by extraction and counting. Light intensity was varied from 50 to 
4000 fc and oxygen tension from zero to 20 per cent. No significant stimula- 
tion of the rate of CO, uptake by oxygen was observed under any of these 
conditions. 


Discussion 


Reversibility of a carbon monoxide inhibition of cytochrome oxidase by 
light of a specific wave length has been termed (James, 1953) the most 
»elegantly diagnostic» test available to the physiologist seeking in situ con- 
firmation of an enzyme’s activity. It has been shown here that preincubation 
of barley leaves does induce an inhibition and that this inhibition is more 
rapidly reversed by yellow light than by red light. Thus cytochrome oxidase 
activity seems to be necessary at least for recovery from the dark-induced 
carbon monoxide inhibitions observed in these experiments. 

The relative effectiveness of the red and yellow lights in steady-state 
photosynthesis (Pr and Py) divided by the effectiveness of these same lights 
in reversal of the carbon monoxide inhibition (Rr and Ry) i.e., 


Pr/Py _ 
Rr/Ry © 

gives a quotient (Qe) which is a measure of the specificity of the yellow 
light for reversal of the carbon monoxide inhibition and of the red light for 
photosynthetic action. If neither light were specific for either process the 
quotient would be one; if both lights were absolutely specific for the above 
associated processes it would be infinity. The values in these experiments 
ran between five for the short time reversals recorded in table 2 down to 
about two for long time experiments done at 1000 and 2000 fe of red and 
yellow lights. Thus the yellow light was always somewhat more efficient in 
photodissociation of the carbon monoxide-cytochrome oxidase complex than 
was the red light. Its effectiveness became more pronounced at the lower 
light intensities and at the shorter reversal times. This was to have been 


874 ALBERT R. KRALL 


expected if the yellow light promoted photodissociation of an inhibitor en- 
zyme complex, which is known to be instantaneous (Slater, 1950), while 
the red light brought about a relief of the inhibition by a competitive 
replacement of the carbon monoxide by internally generated oxygen during 
slow, autocatalytic recovery from the inhibition. The greater efficacy of the 
yellow light at the lower intensities probably means that is was effective in 
relieving the carbon monoxide inhibition at lower intensities than those at 
which the red light was active in promoting photosynthesis. Only a slight 
increase in rate of action of the yellow light was seen on increasing the 
intensity from 50 to 1000 fc. In measuring the light sensitivity of the carbon 
monoxide complex of the yeast respiratory enzyme, Warburg (1949) found 
that respiration was doubled in the presence of carbon monoxide when 
0.65 x 10-4 cal./cm? min. of blue light illuminated the inhibited suspension. 
The carbon monoxide-enzyme complex had an optical density, in the blue, 
11.5 times as high as in the yellow a band, where the yellow light used here 
is effective. The 75 fc of yellow light in this system was equivalent to 
107 X10-4 cal./em? min., which should be sufficient to completely dissociate 
any enzyme-inhibitor complex. Thus the lack of further effect on increasing 
the yellow light from 75 to 1000 fc is readily explainable. Photosynthetic 
rates increase linearly with light intensity up to about 2000 fe in wheat. 
Barley leaves probably behave in the same manner. Thus any effect which 
saturates at 75 fc cannot be the result of photosynthetic action. Furthermore, 
if one were to argue that the slow action of the red light is the result of light 
effective in reversal of carbon monoxide inhibition which is not removed 
by the red filter, the argument advanced here that reversal by the yellow 
light is the result of restored cytochrome oxidase activity is strengthened 
rather than weakened. 

The lack of stimulation of photosynthesis by externally supplied oxygen 
is in accord with the results of Allen (1955) and of Brown (1953). The 
enzyme inhibited by carbon monoxide seems to have a very high affinity 
for oxygen or is so situated in the plant that it receives molecular oxygen 
directly, perhaps in the form of a complex, from the site of its evolution 
within the plant. From the results reported here, it can be seen however, that 
if such a complex exists, it is not a better competitor with carbon monoxide 
for a site on the enzyme than is molecular oxygen. 

The oxygen level necessary for half-maximal rate of oxygen uptake by a 
number of bacteria known to utilize cytochrome oxidase as a terminal respira- 
tory enzyme has been measured by a polarographic method (Longmuir, 
1954). The smallest of these, in which concentration gradients inside the 
cell are presumably the lowest, had a Ky, value at 20° C of 1.1X10-8 M 
oxygen. This corresponds to a partial pressure of oxygen of 0.01 mm of Hg 
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in a gas in equilibrium with the liquid. Allen (1955) has measured rates of 
photosynthesis where, under his best conditions, he has maintained oxygen 
tensions of 0.004 mm of Hg in the liquid. If the possibility is admissible 
that concentration gradients of oxygen within the cell, or across the cell 
wall, builds up the oxygen tension inside the cell still higher than in the 
liquid, it is easily conceivable that an oxygen-requiring reaction mediated 
by cytochrome oxidase may take place within the cells even under the 
»extreme anaerobiosis» utilized by Allen. Since the system behaves normally 
with respect to carbon monoxide inhibition, it is also possible, although not 
probable that barley cytochrome oxidase may have a higher affinity for 
oxygen than the bacterial enzyme. This can be determined only by a direct 
measure on the isolated enzyme using natural reductants. 

It must be emphasized that all work so far reported has not shown the 
participation of oxygen from the atmosphere in steady-state photosynthesis. 
Brown’s measurements (1953) with the recording mass spectrometer showed 
no stimulation of uptake of external oxygen by light. It would thus seem 
possible that cytochrome oxidase is necessary only in the dark in order to 
maintain a normal level of phosphate bond energy, whereas some other 
process (Frenkel, 1954; Arnon et al., 1954 a, b) might take over generation 
of high energy phosphate bonds on illumination of the plant. The only 
experiment which so far speaks against this concept is the inhibition which 
can be obtained with nitrogen flushing of the leaves under illumination 
(Krall and Burris, 1954), which indicates that the oxygen, which must be 
liberated in photosynthetic uptake of internally generated carbon dioxide, 
was present as the free gas and was swept away by the nitrogen before 
being utilized again by an oxidase which is spatially removed from the site 
of oxygen release. 


Summary 


The inhibition of photosynthetic carbon dioxide fixation which is induced 
in the dark by exposure to carbon monoxide has been shown to be light 
reversible. Yellow light, low in photosynthetic activity, promoted the reversal 
more rapidly than did red light, which is efficient in promotion of steady- 
state photosynthesis. Thus cytochrome oxidase is active in the photosyn- 
tesizing leaf during recovery from the inhibition. 

Work performed under Contract No. W-7405-eng-26 for the Atomic Energy Com- 
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Introduction 


Current interest in the problems of resistance to plant diseases has em- 
phasized the desirability of having more information concerning the factors 
which may contribute to the development of this property. Augmented 
respiration being a universal consequence of infection of higher plants, many 
attempts have been made to correlate this process with the basic probiems 
of plant immunity. 

As early as 1912 Bach suggested that the tissue respiration of the host may play 


a part in protecting plants against infection, oxidizing the toxins produced by the 
pathogens. In the course of the last years Rubin and his co-workers (1953, 1955) 


“ have also been particularly interested in the common problems of resistance and 


respiration. They found very suggestive evidences for the protective nature of 
oxidative processes from detailed studies carried out on host-parasite complexes 
such as potato-Phytophtora, cabbage-Botrytis and citrus-Penicillium. The data avail- 
able from their experiments indicate thai the respiration of resistant varieties is 
generally more intensive than that of the susceptible ones and the increase in 
respiration, brought about by infection, is more pronounced in resistant plants. 

Fuchs and Kotte (1954) have recently demonstrated that resistance of potato to 
Phytophtora depends on oxidative mechanisms. In the presence of respiratory 
inhibitors the resistant varieties lose this property and become susceptible. 

In contradiction to the majority of the above mentioned authors, Suchorukov 
(1952) has come to the conclusion that the parasitically increased respiration of the 
host favors the development of the fungus. Sempio (1943, 1946, 1950), in a series 
of interesting papers has studied the ratio of photosynthesis and respiration with 
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regards to resistance of wheat to powdery mildew and reached the conclusion that 
high ratios (i.e. more anabolic type of metabolism) may be related to resistance. 

It should therefore be realised that the relations are generally much more com- 
plicated than formerly believed and it is highly questionable whether general con- 
clusions may be drawn at all from the present experimental findings. 

A comparison of the main trends in the past with those prevailing in the more 
recent works reveals particularly remarkable changes in the basic concepts. It is 
generally believed that the classical approach in the elucidation of the nature of 
resistance, i.e. the simple comparison of resistant and susceptible plants from several 
physiological-chemical aspects, have yealded little information so far in regard to 
the basic questions. The preponderance of observation indicates that the resistance 
results from an interaction between host and parasite, the protective mechanisms 
being activated exclusively and specifically by the pathogens. 


It seems definitely established that the possible relations between respira- 
tion and resistance cannot be solved without further analysis of the mecha- 
nisms responsible for the profound changes in the overall process of respira- 
tion in infected tissues, because it may be assumed that the response is 
characteristic also in qualitative relations. 

The present paper is concerned therefore primarily with the qualitative 
analysis of the parasitically increased respiration of wheat-rust and wheat- 
powdery mildew host-parasite complexes and various respiratory inhibitors 
were used for this purpose. The problem will be treated in detail on the basis 
of experiments carried out on susceptible varieties. However, some experi- 
ments are in course also with resistant wheats in order to gain in the future 
some additional data in regard to the above discussed contradictory opinions 
about the role plaid by the oxidative processes in resistance. — At the end 
some experiments will be described which were carried out in order to isolate 
an active principle (toxin), the presence of which may be postulated on the 
basis of analogous cases and indirect evidences. 


Materials and Methods 


Detached leaves of 8—12 days old wheat seedlings were vacuum-infiltrated with 
0.05 M KH,PO, (control) or with various respiratory inhibitors dissolved generally 
in the same buffer. The leaves were then laid on a filter paper sheet in order to 
evaporte the excess of infiltrated water. The respiration rates of approximately 
3x3 mm leaf-sections were followed at 30° C, using standard Warburg respiro- 
meter techniques for determination of oxygen consumption. The center well con- 
tained 0.2 ml 20 per cent KOH to absorb CO, and the main compartment of the 
flask 100 mg fresh material, suspended in 2 ml 0.05 M phosphate buffer (control) 
or with the same amount of buffer with inhibitor dissolved in it (experimental 
vessels). 

Changes in pH in the range of 4.0—7.0 had very little or no effect on the respira- 
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tory activity. More acid solutions caused, however, more or less severe injuries. 
Solutions containing inhibitors were adjusted to the pH at which the inhibitor 
exerts its maximal efficiency according to the recent literary data (James 1953 b). 
Manometers were read at !/2 hr intervals, using thermobarometer corrections. Each of 
the tests reported in this paper has been repeated from 4 to 10 times. Qo, values 
were calculated as the amount of absorption of gas in microliters per 1 mg air-dry 
matter per hour. 

The experimental plants used in this study were grown under ordinary green- 
house conditions. The experiments were conducted with the highly susceptible 
spring wheat variety Garnet and with the most intensively cultivated Hungarian 
varieties (Bänkuti 1201, F 481) and essentially the same results were obtained. 

The primary leaves of test seedlings were artificially inoculated by using a sus- 
pension of Puccinia graminis uredospores. After the incubation time (24 hrs in a 
chamber of 100 per cent relative humidity) the plants were transferred to green- 
house. Respiratory rates were measured when severe infection was observed on the 
inoculated leaves, i.e. after the outbreak of large, normal pustules (7—9th day after 
inoculation). 

Experiments with powdery mildews were conducted in separate greenhouses and 
the experimental plants inoculated by dusting them with the spores of heavily 
infected individuals. 


Results 


Experiments with respiratory inhibitors 


Aerobic respiration of plants may follow several pathways (see the different 
terminal oxidases and the direct oxidative pathway). It is generally assumed, how- 
ever, that in most tissues a great percentage of total respiration (measured by 
O,-uptake) is going through an initial reactionspath which is common to both 
aerobic and anaerobic respirations. If the glycolysis inhibitors (iodoacetate, fluoride) 
reduce also the rate of O,-consumption (in addition to the inhibition of CO,-output), 
it must be concluded that this earlier common path (Embden-Meyerhof scheme) 
supplies oxidizable intermediates for the terminal oxidations. There are several 
possible mechanisms by which glycolytic products may be linked to the known 
terminal oxidases. From the evidence at present available we may say that the 
tricarboxylic acid cycle should be regarded as the most important link between 
glycolysis and oxidation. However, the oxidation of the final products of glycolysis 
(alcohol, lactic acid) and some of its intermediates (triosephosphate) may proceed 
through a separate reaction path, mainly by way of ascorbic oxidase. 


The use of selective inhibitors is a valuable tool for elucidating the question 
which of the above mentioned mechanisms is in action. If O,-uptake is 
strongly inhibited by malonate under specific conditions, it must be con- 
cluded, that respiration is going through the Krebs cycle. The lack of malo- 
nate inhibition would indicate that other pathways are followed. 

Starting from the above discussed principles, it seemed reasonable to study 
the respiration of infected tissues, whether the infection influences only the 
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Table 1. Increase in respiration of wheat seedlings infected with parasites. 
Effect of mechanical injuries. 
SE STIS TT 


Per cent increase in O,-uptake. 
ded Qo; Control = 100 % 
SS 1 0... 
Contra) EEE eee 2.9 | 100 
Infected with P. graminis ............ 8.9 307 
Infected with E. graminis .......... ; 5.7 | 196 
Leaves with mechanical injuries ... 3.1 | 106 


rate of O,-uptake or a more profound qualitative change may also be observed. 
Some evidences supporting this view have already been presented in a preli- 
minary report (Kiräly and Farkas 1955). 

Representative data for wheat plants infected with stem rust and powdery 
mildew are summarized in Tables 1 and 2. Both of the glycolysis inhibitors 
deeply reduced the O,-consumption. The percentage inhibition is approxi- 
matively the same in infected and healthy tissues. It is strongly indicated 
therefore, that the common path exists in the wheat and this early part of 
respiration is not altered by infection. 

A more thorough change may, however, be observed when using highly 
diluted malonate solutions. Strong inhibitions (over 60 to 70 per cent) have 
been obtained only in the healthy tissues, the respiration of infected leaves 
being much more resistant to malonate (Table 4). 

The reported results strongly support ihe view that in the infected leaves 
the respiratory pathways of the Krebs cycle are restricted and new ways 
are followed. The possible mechanism will be discussed in a later section. 

The above results leave little doubt that infections alter the ordinary links 
between glycolysis and oxidation. The question which arises now is how the 
pattern of terminal oxidations is changed in the host tissues under the in- 
fluence of parasites. Although more detailed studies are still in progress, it 
seems to be justified to give a summary of the results so far achieved. 

Powerful inhibition of O,-uptake has been observed in azide-treated wheat 
tissues, the percentage inhibition being equal in rusted and healthy leaves. 
This suggests the participation of metal-containing enzymes in the terminal 
stages of oxidation. However, contrary to expectations, the respiration of 
healthy tissues proved to be absolutely cyanide-resistant, which is hardly 
consistent with the previously mentioned results, obtained with azide. In 
infected tissues considerable inhibition was incited by the cyanide (Table 2). 

Some additional observations were made on the malonate-inhibition to 
provide support for the specific action of this inhibitor under our experi- 
mental conditions. 


It may be postulated that if malonate inhibits O,-consumption because of 
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Table 2. Effect of glycolysis- and oxidase-inhibitors on the respiration of healthy and 
rusted wheat leaves. 
Fe er ee ES RE TE EA EEE EEE 


Infiltrated compound (M) Lee 3 es ee 

Healthy Infected Healthy | Infected 
ees eg eee a CRM YET IDIECLER a 

KH,PO, 5.102 oa. 2.9 8.9 = 22 

Iodoacetate 10-3 wr 1.0 31 66 66 

Nail Oz sachet Ne du ke Led 5.7 42 36 

fixed eu. 0.5 1.3 82 85 

KENT reer N 2.9 87 0 36 


a specific interference with succinate oxidation, there is no reason to suppose 
that anaerobic production of CO, would also be affected since the enzyme 
succinic dehydrogenase is not involved in the latter process. The inhibition 
of aerobic respiration by malonate causes a »partial anaerobiosis» in the 
tissues and a shift (rise) of the R.Q. may be anticipated if the effect is speci- 
fic for the aerobic processes and malonate does not influence the anaerobic 
CO,-output. As pointed out by Beevers (1952), uninfluenced CO,-output in 
the presence of malonate may be obtained only at rather low concentrations, 
which are certainly lower than those generally applied in most of the pre- 
ceding works (0.05 M). 

In Machlis’s (1944) experiments with barley roots malonate indeed in- 
hibited oxygen consumption and CO,-production equally. The specificity of 
inhibitor-action in his experiments has therefore been called in question. 

In our experiments, however, with both healthy and rusted leaves it has 
been found that the application of dilute (0.01 M) malonate solutions strongly 
reducing oxygen consumption, does not inhibit in a corresponding degree 
the CO,-production and the R.Q. rises considerably (from around 1.0 to about 
2.1; see Table 3). 

Another demonstration of specificity might be the removal or partial 
removal of malonate inhibition by ,intermediates of the tricarboxylic acid 
cycle. A representative experiment is shown in Table 4. Malate, added in con- 
centrations equal to those of the malonate, is able to renew oxygen uptake 
to a considerable degree. 


Table 3. Effect of infection on the respiratory quotient. 
Treatment | Qco, | Qo, 


Healthy leaves... "ll 2.8 2. 
Leaves infected with P. graminis .................. 7.8 | 7.8 | 1.00 
Healthy leaves infiltrated with 10—° M- a 1.3 0.6 
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Table 4. Effect of dehydrogenase-inhibitors on the respiration of healthy 
and infected * wheat leaves. 


Qo, Percentage inhibition 
Infiltrated compound 

: Healthy | Infected Healthy Infected 
KH,PO, 541027 Me ner 2.9 8.9 — 7 
Te Pl Te N Dr 0.9 5.8 70 35 
Malonate 10-2 M+ malic acid 10—? M | 1.5 = 48 — 
Malonate 10—? M (mildewed leaves)...... IX 3.4? 70 40 
Methylene blue 5.10% Mu... 3.2 -- 0 a 
Malachite green 1:5000 ........................ 2.2 7.7, 26 14 
| Malachite green 1:5000 (mildewed leaves) 2.2 5.1- 26 11 


1 If otherwise not noted, infection means rusted plants. 
2 The data of leaves infected with powdery mildew and infiltrated with K°:PO4 see on 
Table 1. 


The above results support the view that the initial and terminal stages of 
respiration are slightly affected by infection. The main attack is exerted pro- 
bably on the link between glycolysis and terminal oxidations. Since these 
reactions involve dehydrogenations, it was anticipated that their susceptibility 
to chemical influences may be different in healthy and invaded tissues. 

There are claims that the respiratory rates may be activated within the 
living tissues of several plants with the aid of redox dyes (methylene blue, 
2,6-dichlorphenolindophenol) catalyzing hydrogen transfer (James 1953 a). 
In our special case, however, no significant increase in O,-uptake has been 
obtained by means of these catalytic substances. 

Nevertheless, the inverse approach of the problem, i.e. the inhibition of 
dehydrogenations by malachite green, revealed slight but reliable differences 
in the behaviour of the experimental plants. Significant inhibition has been 
observed exclusively in the control leaves (Table 4). 

Malachite green is known as a dye inhibiting a number of dehydrogenases. 
Its specificity in vivo was but slightly studied and therefore the exact point 
of attack under these conditions remained unknown up to the present. 
Without discussing the problem in detail it may be concluded that the results 
obtained are in good accordance with the view that the parasitic effect is 
focussed on the link between glycolysis and terminal oxidases and the 
respective role of different dehydrogenases participating in this process (see 
the succinic acid dehydrogenase) may be changed. 


Experiments on the toxin action 


There is today general agreement that the symptoms of parasitic diseases are 
incited largely by such chemical substances excreted by the fungus, which have 
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injurious effects upon the host. The presence of toxie substances produced by 
mildews would be expected on the basis of indirect evidences deriving from observa- 
tions made on mildewed wheats (Allen 1953). 

In some cases the chemical structure of the toxins has also been determined and 
some of the processes leading to the characteristic effects are now fairly well 
understood (Uritani et al. 1953, 1954). 

In order to gain a deeper insight into the mechanisms by which respiration is 
stimulated in rust- and mildew-infected wheat seedlings we tried to isolate the active 
principle responsible for the increased O,-uptake. However, these efforts remained 
unsuccessful up to the present. 

Water extracts were made from both mildew- and rust-infected leaves, infiltrated 
in healthy ones and respiratory rates measured after an incubation period of 4 to 
10 hours. The experiments did not reveal any significant differences in the O,-con- 
sumption of experimental and control leaf pieces (infiltrated with extracts from 
healthy leaves). 

These experiments, however, do not exclude definitely the possibility of a toxin 
action. The failure may be attributed to the hardly diffusible character of the toxic 
metabolites, having certainly high molecular weight, or may be explained by the 
fact that the compound is highly labile and could be destructed and inactivated by the 
experimental procedures. 


Discussion 


The observations and experiments reported in this paper establish the fact 
that the parasitically increased respiration of wheat-rust and wheat-mildew 
host-parasite complexes follows new pathways. The question now arising 
is whether the quantitative changes observed in these parasitic complexes 
may really be explained by host-parasite counteractions and can be attributed 
to alterations in the metabolic pathways operating in the host tissues. As 
long as this fact has not been proven, one may consider that the reported 
quantitative and qualitative changes should be explained by the additional 
and undistinguishable respiration of fungal hyphae present in host tissues. 
However, the detailed investigations of several authors have demonstrated 
that it is not impossible to distinguish between the respiration of host and 
the parasite (Yarwood 1934, Allen and Goddard 1938, Arzichowskaja 1946. 
Uritani et al. 1954). 

All these results are consistent with the view that the observed changes 
in the overall respiration must be attributed to the altered metabolism of 
host tissues. 

Although cereal rusts do not appear as well convenient for similar studies to 
distinguish between the metabolic processes of host and parasites as for example 
the ectoparasite mildews are, some indirect evidences should be mentioned which 
indicate that the same relations may be present in rust-infected tissues. 

Some of the discussed findings were confirmed with mildew-infected wheats as 
well (see the effect of malonate, Table 4) and the results are similar to those obtained 
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with rusted plants. Considering that the possible role of the fungus as a decisive 
factor is already excluded by the studies mentioned on mildews (Allen and Goddard 
1938) our results appeared reliable with both mildew- and rust-infected leaves. 

In addition it must be referred to the paper of Shu et al. (1954) on the respiratory 
systems of germinating rust uredospores whose metabolic pattern may throw some 
light on the respiratory systems of rust mycelia developing inside the plant. 
According to these investigations the O,-uptake: of germinating spores is totally 
insensitive to NaF and partially insensitive to NaN,. If the rust respiration were a 
decisive fraction in the total respiratory increase of parasitized leaves, the diseased 
leaf sections would exhibit a diminished inhibition by these compounds in com- 
parison to the values obtained with healthy tissues. It has been shown namely that 
the oxygen uptake of healthy leaves is almost totally depressed by azideand con- 
siderably inhibited by fluoride (Table 2). The percentage inhibition would therefore 
be less in infected tissues if the fluoride- and azide-resistant respiratory systems of 
rust were responsible for the additional respiration. But in the contrary the degree 
of both azide- and fluoride-inhibition is practically the same in healthy and infected 
tissues (Table 2). 

According to the experiments of the Canadian group the R.Q. of the germinating 
uredospores is diminished to 0.46 by the addition of malonate. The R.Q. of infected 
leaves treated with malonate is raising over the unity, like the values obtained with 
malonate-poisoned healthy plants. This would be impossible if rust respiration would 
play a major role in the gas exchange of the whole complex. 

It may also be concluded from the available data that the rust is equipped with 
a fat-metabolizing system (R.Q. of germinating spores 0.7) while the respiratory 
substrate of both healthy and rusted leaves is certainly carbohydrate (R.Q. 1.0). 

The evidence is therefore convincing that the respiratory changes observed in the 
wheat-rust and wheat-powdery mildew complexes are actually caused by alterations 
in the metabolic pattern of the host. 

To strengthen this view a second possibility was to be excluded. 

Already in the early years of respiratory studies it has been found generally that 
injuries may exert a stimulatory effect on plant respiration. The typical symptoms 
of stem rust infection (the epidermis and subepidermal layers are damaged by the 
developing and outbreaking spore masses) necessitated to evaluate the significance 
of this factor in the overall process of increased gas exchange. Injuries were there- 
fore made with a needle on healthy wheat leayes, comparable to those caused by 
rust infection and the respiratory rates were compared. The stimulation observed 
in the injured leaf pieces was insignificant in relation to the respiratory increases 
measured in infected tissues. The injury effect was thus eliminated as a possible 
source of respiratory stimulation in rusted plants (Table 1). 


The main problem to be discussed in the present section is the possible 
path of respiration in diseased plants. A theory has been advanced by Allen 
(1953) concerning the mechanism of these alterations, based mainly on the 
experiments of Sempio. According to these views in mildew-infected leaves 
the Pasteur effect (supression of carbohydrate breakdown in air) will be 
abolished and the aerobic O,-consumption thus increased. 

A similar case has really been demonstrated by Uritani et ‘al. (1954) on 
the sweet potato-Ceratostomella complex. The toxin produced by the fungus 
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reduces the efficiency of oxidative phosphorylations associated with electron 
transfer from substrate to oxygen, i.e. uncouples respiration from the energy- 
requiring processes, accelerating hereby the O,-uptake. This fact would be 
explicable as due to augmented ATPase activity. Increase in ATPase activity 
has been made responsible by various authors for the abolition of Pasteur 
effect (cf. e.g. the review by Turner 1951). 

The results obtained by the Japanese group are therefore in agreement 
with the view outlined above. The question which remains now to be settled 
is whether our data are also consistent with this theory. 

One of the most important facts to be stressed is that according to the 
presented data (malonate inhibition) the major part of respiration in healthy 
wheats (grown in greenhouse) follows certainly the tricarboxylic acid cycle. 
(The respiratory behaviour of wheats grown in the field reveals quite opposite 
characteristics, their respiration being highly resistant to malonate! A more 
detailed description of these results will be given shortly by Konräd). How- 
ever, the degree of malonate inhibition decreases with infection. At the same 
time the glycolysis inhibitors supress the O,-uptake equally in both groups 
(healthy and diseased plants) indicating that the initial stages of glycolysis 
may have an equal significance in the respiration of healthy and infected 
tissues. The difference may therefore appear in a later stage, i.e. in the mode 
of oxidation of glycolysis products. If the pyruvic acid is not oxidized via 
the Krebs cycle but as a result of infection, the whole series of glycolysis 
reaction-steps is going to completion, the end-products (alcohol, lactic acid) 
may be oxidized without participation of the tricarboxylic acid cycle. 

These ideas, which are consistent with the reported experimental data, are 
in accord with the view that the Pasteur effect is inhibited by infection, 
because Pasteur effect means the inhibition of fermentation under aerobic 
conditions. An aerobic fermentation may therefore be induced in infected 
plants. 

The usual reactionspath of oxidation of the glycolysis endproducts in the 
plants may be mediated through the ascorbic oxidase (James 1953 a, c). 
Recently the view has gained ground that ascorbic oxidase plays a decisive 
role in the later developmental stages of cereals and replaces the cytochrome 
oxidase operating vigourously in embryos (Goddard and Meeuse 1950, Sys- 
sak jan et al. 1953). According to the presented data the terminal oxidase in wheat 
plants must have really a metal-containing reactive group and the relative 
significance of this system in both healthy and diseased plants is nearly the 
same. This view is substantiated by the results obtained with azide (pH 4.5). 
A most peculiar feature of our experiments is, however, that the respiration 
of two weeks old healthy wheat seedlings was completely resistant to the 
action of cyanide. (In the roots of germinating seedlings a strongly cyanide- 
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sensitive respiration was found in accordance with the literary data). The 
result seems to be somewhat surprising, the effect of cyanide and azide 
being considered generally as identical in the papers dealing with specific 
inhibitors (Stenlid 1949, James 1953 b). 

It must be assumed either that a particular case has been found in which 
this general rule cannot be applied or — which is more likely — in the 
wheat some mechanisms must be taken into account which protect the 
metal-containing enzyme from the cyanide action. In evaluating negative 
results obtained with «respiratory inhibitors the possible role of protecting 
mechanisms must always be considered. 

The considerable cyanide-sensitive fraction of respiration observed in 
parasitized leaves cannot be attributed to the diminished activity of cyan- 
resistant flavoprotein enzymes, because the azide-sensitivity persists in infected 
plants as well. It is more likely that in the infected wheat the mechanism 
which protects the metal-containing oxidase from the reaction with cyanide 
will be partially eliminated. 

The further investigation of all these problems is in course. 


Summary 


1. The respiration of wheat seedlings infected with stem rust and powdery 
mildew is considerably augmented. 

2. By the use of various inhibitors it has been found that the parasitically 
increased respiration involves also qualitative changes in comparison with 
the normal respiration. 

3. The respiration of healthy plants is malonate-sensitive but on the con- 
trary that of the infected tissues is highly insensitive to malonate. 

4. The glycolysis inhibitors (fluoride, iodoacetate) are equally influencing 
the respiration of healthy and diseased plants. 

5. The respiration of both control and infected plants is highly sensitive 
lo azide. The O,-uptake of healthy tissues is totally resistant to cyanide. 
However, the infection is correlated with the development of a cyanide- 
sensitive fraction. 


6. R.Q. in both healthy and diseased plants is around 1.0. In malonate 
treated tissues the R.Q. rises over 2.0. 

7. Contrary to expectations, the presence of toxin could not be detected. 

8. The results seem to substantiate the fact that the respiratory changes 
are taking place in the tissues of host and cannot be explained by the additive 
effect of fungus respiration. 

9. An attempt has been made to interprete the parasitically stimulated 
respiration in biochemical terms. As a theory of the possible mechanisms 
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the proposed views about the abolishing of Pasteur effect have the greatest 
possibility at present. 
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Introduction 


It has recently been shown (2) that the ability of pea seedling cells of both 
root and stem to destroy the native auxin, indoleacetic acid, rises as the cells 
age. This increased IAA-oxidase activity may be the cause of ihe decreased 
sensitivity of older cells to auxin, and may, in fact, constitute a biochemical 
ageing mechanism. It also appears that the IAA oxidase complex behaves 
like an induced enzyme, rising in response to increased exogenous auxin 
levels. Both the peroxide-generating (13) and peroxidase (3, 5) components 
of the IAA oxidase complex of peas (1) similarly increase in activity in 
response to exogenous IAA. 

In the present work, measurements of IAA oxidase activity, peroxidase 
activity and peroxide generating capacity have been made in serial sections 
of the roots of Lens culinaris. The growth and auxin relations (7; 8294107122) 
and physiological gradients (11) in this organ had previously been studied, 
so that it was possible to relate the biochemical data to developmental pro- 
cesses. 


Materials and Methods 


Primary roots of the seedlings of Lens culinaris, germinated at 23° C. in 
continuous darkness were used in all experiments. These conditions are 
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known (12) to be optimal for growth. Eighteen mm.-long roots were selected 
because at this stage, rate of elongation is at a maximum (7). For each 
experiment, 100 similar roots were selected and each root cut into six frag- 
ments of 3.0 mm. length. 

Determinations of IAA oxidase activity (2), peroxidase activity (3), peroxide 
genesis (13), and protein nitrogen (2) were made according to previously 
published techniques or slight modifications thereof. 


Results 


1. Fresh weight and protein nitrogen determinations 


Figures 1 and 2 show the distribution of fresh weight and protein nitrogen 
along the various regions of the root. Protein N was estimated by trichloro- 
acetic acid precipitation of an aliquot of the brei, followed by sulfuric acid- 
H,O, digestion of the precipitate and direct Nesslerization of the resulting 
ammonia. Fresh weight per section is seen to increase with increasing dis- 
tance from the tip, while protein nitrogen per unit fresh weight or per sec- 
tion is at a minimum in the region of the meristem, rising sharply toward 
the root cap, and gradually toward the basal portion of the root. 


2. Indoleacetic acid oxidase 

In vitro IAA oxidase assays were performed by first converting the tissues 
to a brei. The tissues were removed from the medium by decantation onto 
wire gauze, rinsed with 0.1 M. pH 6.1 phosphate buffer and transferred to a 
previously chilled mortar containing a little sand and cold buffer. They were 
then ground and the brei subjected to centrifugation (15 min; 3000 Xg). The 
supernatants were decanted into 10 ml. volumetric flasks and made up to 
volume with buffer. Aliquots of such breis were incubated with IAA in a 
metabolic shaking incubator thermostated at 30° C. Initial (6107+ M) and 
residual IAA concentrations at various times were determined by the Sal- 
kowski colorimetric technique (14) on a 2 ml. aliquot. 

Data on IAA-oxidase activity, measured as ug IAA destroyed after 60 min., 
are plotted in Figure 3. They indicate that IAA oxidase activity is low on 
the region of the meristem and increases in both directions (root cap and 
base) toward the older cells. A further localization of IAA oxidase activity 
in the first segment was performed by separating the major portion of the 
root cap (0—0.5 mm.) from the subjacent tissues (0.5—3.0 mm.). Results 
expressed in Table 1 indicate a large increase of IAA oxidase activity in the 
root cap, over and above the low level in the region of the younger tissues. 

IAA oxidase activities were also determined in the presence of 2,4-dichloro- 
phenol (DCP), a compound which has been shown to promote IAA oxidase 
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Table 1. IAA-oxidase activity in the »root cap» and »meristematic region» and the effect 
of DCP on each region. 


m ur u Be DI a I u u EEE BEE EN ESS | 


Region 0 to 0.5 mm. tip | 0.5 to 3.0 mm. region 
(+ (0.1 mm) (+ 0.4 mm.) 
DAS D ae ME FORTE ach 0 2.10—5 0 2.10-5 
Fr. wt. (mg) per 100 fragments ............... 28.4 26.5 163.7 164.0 
tg IAA destroyed/hr per 100 fragments ...... 19 21 26 74 
jette HU) MT EWR TR EL Te 67 79 16 45 | 
Enhancement by DCP (fr. wt. data) ......... | — 18% — 182% 


Table 2. The distribution of IAA oxidase activity along the root and the effect of DCP on 
each region. 


—— 


= he IAA oxidase activity (tg IAA destroyed/100 pg protein N/hr.) 

| istance j er x 33 

| from the | 0 DGR 2.10° M DCP 2.10—° M DCP 2.10-% M DCP 

| tip (mm.) ne . … | Enhancement ARP nn Enhanc t 

| db Activity| Activity! eee emen 

ctivity | Activi y| by DCP % Activity by DCP % Activity by DCP % 
| | | 

0— 3 2.0 "| 4.0 | — 11 5.0 | 11 6.5 44 
3— 6 3.0 | 7.4 150 (lob 2 416 14.0 366 
6— 9 6.5 | . 9.5 46 | 18.5 184 15.0 130 

| 9—12 95 | 105 | 10 tos el 21 12.0 27 
12—15 10.5 | 10.0 —5 12.5 9 13.0 24 
BIS | 115 12.0 4 14.5 26 15.5 34 


activity (4) and peroxide genesis (13) in the pea and the oxidation of IAA 
by pure horseradish root peroxidase (6). The results, depicted in Figure 4, 
show that the addition of DCP increases IAA destruction all along the root. 
However, the region of the young tissues shows greatest enhancement and 
the root cap and basal regions the least. In table 2, it is shown that a DCP 
concentration of about 2 X10-5 M is optimal for the young tissues, in agree- 
ment with previous findings for the pea (4). A further refinement of the 
localization in the 0—3.0 mm. fragment was performed by again separating 
the apical 0.5 mm. from the remaining 2.5 mm. and measuring the effect 
of DCP on each subfragment. The results of table 1 show a negligible en- 
hancement of activity by DCP in the root cap, and a marked enhancement 
in the subjacent region. 


Figure 1. Mg fresh wt. per 100 fragments (9) and number of fragments per 100 mg 
fresh wt. (®) expressed as a function of distance of the fragment from the root tip. 

Figure 2. Protein N content of the various root fragments. 

Figure 3. In vitro 1AA-oxidase activity of the various root fragments. 

Figure 4. The effect of various concentrations of 2,4-dichlorophenol (DCP) on the in vilro 


IAA oxidase activity of Lens roots. 
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various root fragments. 


3. Peroxidase 


Aliquots of the brei were employed for assay of peroxidase activity, fol- 
lowing previously described techniques (3). At zero time, 0.1 ml. of 0.5 M 
pyrogallol was blown vigorously into a Klett colorimeter tube containing 
9.9 ml. of brei-buffer-H,0,. The formation of purpurogallin was followed 
colorimetrically for 30 seconds, during which time the reaction proceeds 
linearly. 

Representative data are shown in figure 5. It can be seen that unlike IAA 
oxidase, peroxidase activity per unit protein decreases gradually but steadily 
from the tip to the base. This indicates that the great differences in IAA 


oxidase activity of the various regions are not attributable to differences in 
peroxidase. 


Table 3. Peroxidase activity of »root cap» and »meristematic region». The peroxidase unit 
used here is Klett color developed in 30 sec. with 5.10-3 M pyrogallol as substrate and 1 ml. 
of brei per 10 ml. reaction mixture. 

mm lt eier ee 
| »Root cap» »Meristematic region» 

(0—0.5 mm) (0.5—3.0 mm) 


PR 


Region | 


| 
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Fresh wt. (mg) per 100 fragments ............ 28.5 160.4 
Peroxidase activity per 100 mg. fr. wt 112 261 | 
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Table 4. Effect of DCP concentration on peroxide formation expressed in mu moles pur- 
purogallin per 200 mg fresh weight. 


Concentrations of DCP (M) 
Distance from 10-& 1.10—5 1.10-4 
the ti Be Fr = gm: à 
p (mm) Purpurogallin | Purpurogallin | ,, . Purpurogallin | ,,. 
value value RHAAUEURE value % increase 

0— 3 391 442 13 482 23 
3— 6 174 329 89 440 152 
6— 9 190 312 64 394 107 
9—12 282 360 27 410 45 
12—15 300 353 17 412 37 
15—18 308 | 332 fi | 371 20 


As in the previous experiments, a further localization was attempted by 
separating the apical 0.5 mm. from the subjacent 2.5 mm. Here it was found 
(Table 3) that peroxidase activity is high in the meristem, and low in the 
root cap. Thus it appears that peroxidase activity per cell, unlike IAA oxidase, 
declines as the cell ages. 


4. Peroxide Genesis 


Peroxide genesis was measured, as previously described (13), by in- 
cubating intact tissue with pyrogallol in buffer in the absence of exogenous 
H,O,. Under such conditions, conversion to purpurogallin is limited by pro- 
duction of H,O, in the tissue. Thus, a colorimetric measurement of the amount 
of purpurogallin formed permits a calculation of peroxide genesis by the 
tissue. 

One hundred roots were harvested as before, cut into successive 3-mm. 
sections, and placed in 10 ml. of 0.1 M pH 6.1 phosphate buffer. 

The formation of purpurogallin began promptly on the addition of pyro- 
gallol to the medium and maintained an approximately linear course for the 
entire 12-hour period of the experiment (figure 6). DCP increased the rate 
of peroxide genesis, but as in previous in vivo experiments (4) 10°* M was 
more effective than 10” M. Tissues handled under a weak green safelight in 
a physiological darkroom (figure 6a) showed a lower initial rate of peroxide 
formation than those exposed to laboratory light (figure 6 b), the differences 
between the two treatments diminishing with time. Essentially, then, there 
are no differences between peroxide genesis in Lens roots and in the various 
tissues of the etiolated pea plant. 

Peroxide genesis was also studied as a function of position on the root. 
The results shown in Figure 7 indicate that peroxide formation per unit 
fresh weight is low in the region of the young tissues and increases sharply 
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Table 5. Peroxide genesis in »root cap» and »meristematic region» as affected by DCP 
and JAA. 


»Root Cap» 0—0.5 mm Meristematic region (0.5—3.0 mm) 
Control 10-4 M DCP} 10-6 M IAA | Control | 10-4 M DCP!10-6 M IAA 


| Property determined 
| 


BEreshawte (ms). 

| per 100 fragments 27.3 28.0 29.9 162.8 164.1 163.0 
| m p» M purpurogallin 

| per 100 fragments 165 171 183 194 336 299 

| per 100 mg. fr. wt....| 604 610 612 119 204 183 

| Enhancement % .«..... 


= 0.9 1.3 = 71.4 53.8 


in both directions (root cap and base) toward the older cells. When the 
results are expressed per unit protein, however, it is seen that the region of 
the root cap is lower in peroxide generating capacity than all the other 
regions. 

The addition of DCP to the reaction mixture results in a marked increase 
in peroxide genesis, the increase being greater the greater the DCP concentra- 
tion added. (Figure 8). As with IAA oxidase, the DCP enhancement of acti- 
vity is greatest in the meristematic region and young tissues, and least at the 
root cap and basal regions of the root. (Table 4). Subdivision of the apical 
3.0 mm. segment into root cap and subjacent tissues revealed that the former 
is insensitive to DCP, but peroxide genesis in the latter is greatly enhanced 
by both DCP and IAA (Table 5). 


Discussion 


The findings of this paper support and extend those of previous publica- 
tions. In the root of Lens, as in root and stem of Pisum (2) and root of 
Vicia (5) it appears to be true that the ability of cells to destroy indoleacetic 
acid increases with increasing age. 

The significance of the IAA oxidase activity in the various regions of the 
root is best judged by its close correlation with auxin distribution. It has 
been shown in the root of Lens (7) that auxin content is greatest in the region 
of the young cells, and decreases the further one goes from the meristematic 
region. Since this pattern is just the reverse of the IAA oxidase distribution, 


Figure 6. In vivo peroxide genesis in roots kept in the dark (A) and light (B). 
Figure 7. In vivo peroxide genesis as a function of position on the root. 
Figure 8. The effect of various concentrations of DCP on in vivo peroxide genesis in the 


various root fragments. 
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Figure 9. A comparison of 
the IAA-oxidase, peroxide- 
genesis, and peroxidase 
activities of the root cap 
(apical 0.5 mm) and meri- 
stematic region (next 2.5 
mm) of the Lens root. 


Retative IAA-OXIDASE ACTIVITY 


the suggestion can be made that IAA oxidase determines the endogenous 
auxin level, high oxidase meaning low auxin, and vice versa. 

It is clear that the gradient in IAA-oxidase activity is not caused by a 
gradient in its peroxidase component; rather, it seems to be correlated with 
peroxide producing capacity (Figure 9). From this correlation, and from 
the parallel enhancement of IAA-oxidase activity and peroxide generating 
capacity of the meristematic region by DCP, one may draw the conclusion 
that overall peroxide genesis and auxin destruction are limited by a DCP-like 
component in the tissue. This DCP-like component would be the true »ageing 
factor». Experimental techniques for testing this hypothesis are at hand. 

Also of interest is the fact that IAA itself causes an increased peroxide 
genesis (Table 5). This gives support to other reports of this effect (13, 15). 
and to the suggestion that IAA, like dioxymaleic acid, gives rise to the per- 
oxide involved in its own peroxidation. With pea tissue, prolonged starva- 
tion was required before the peroxigenic action of IAA was manifest, but 
with the young region of the Lens root, the effect can be demonstrated on 
fresh tissue. 

Exposure of tissue to light produces a marked rise in peroxide production. 
This effect, also previously reported in Pisum (13), suggests that the enhanced 
auxin destruction which is known to result from illumination may be an 
indirect effect of increased peroxide genesis. It also suggests that some of the 
morphogenetic effects of light may be channeled through the peroxide — IAA 
oxidase — auxin destruction pathway. 

A recent article by Lockhart (6) reports that DCP is a necessary cofactor 
for the peroxidation of IAA by horseradish root peroxidase, even in the 
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presence of excess H,0,. This raises the possibility that what we have called 
»peroxide genesis» effects may actually be »peroxidase cofactor» effects. 
This does not, however, materially change the physiological conclusions 
drawn in the paper. 


Summary 


The young root of Lens culinaris, previously investigated as to growth, 
auxin relations and physiological gradients, has in this work been examined 
for various biochemical characteristics. In corroboration of previous work 
with Pisum and Vicia it has been found that the capacity of root cells to 
destroy the native auxin, indoleacetic acid, increases with increasing age. 
This increased IAA-oxidase activity of the older cells is correlated with, and 
apparently due to, an increased peroxide-generating capacity. It is not cor- 
related with peroxidase activity, which declines from meristem to older cells. 

2,4-dichlorophenol (DCP), applied at a concentration of 10-4 to 10° M, 
produces a dramatic and parallel increase in peroxide generating capacity 
and IAA oxidase activity in young cells, but not in old cells. This implies 
that some naturally-occurring DCP-like factor increases in concentration 
from young to old cells; the increased concentration of this factor enhances 
peroxide genesis-and therefore auxin destruction. Such a factor could be 
responsible for the ageing of cells, at least in the sense of decreased ability 
to grow in the presence of indoleacetic acid. 


The junior author wishes to acknowledge a grant from the National Science 
Foundation which aided in the completion of this work. 
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Introduction 


Gibberellic acid, if applied to plants through their roots or foliage, com- 
monly induces a marked increase in stem internode length and, in the case of 
cereals, in leaf length (Brian, Elson, Hemming and Radley, 1954; Brian and 
Hemming, 1955). This is attributable to increased cell growth rather than to 
increased cell division. In this respect gibberellic acid invites comparison 
with the auxins. We describe below a series of physiological comparisons of 
gibberellic acid with indolylacetic acid and other auxins. Comparisons of 
gibberellin A (a substance very similar in its properties to gibberellic acid) 
with auxins have been made by Sumiki (1952), Kato (1953) and Hayashi and 
Murakami (1953 a, 1953 b, 1954). 


Materials and Methods 


Wheat coleoptile section extension. The technique of Luckwill (1952) was used. 
In the experiment quoted, 8 replicates of 10 sections were used for each treatment. 
The initial length of section was 2.25 mm. For statistical analysis the measurements 
of the ten sections in each replicate were added. 

Pea stem section test. The technique of Miller (1954) was used. Sections 5.4 mm. 
long were cut from the third internode of Meteor pea seedlings grown in darkness. 
For each treatment 4 replicates of 5 sections were used, and for statistical treatment 
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the data from the five sections in each replicate were added. Gibberellic acid, 
indolylacetic acid and cobaltous chloride (see Table 2) were made up as aqueous 
solutions all containing 2 per cent sucrose. The tests were carried out at 25° C. in 
the dark. 

Water uptake by potato tuber tissue. The method of Hackett and Thimann 
(1952) was used, the experimental material being circular discs, 10 mm. in dia- 
meter and 1 mm. in thickness, of ‘King Edward’ potato tuber tissue. In the experi- 
ments described each treatment was replicated three times, each replicate consisting 
of 10 discs, each group of 10 being weighed together. 

Cress root growth. The method was essentially that of Audus (1951), but the 
root length of all seedlings was measured, not merely that of the largest in each 
replicate. Each treatment was replicated 10 times, each replicate consisting of 20 
seedlings. For statistical analysis the root lengths of all seedlings in a replicate were 
added. 

Inhibition of lateral buds. "Meteor pea seedlings, 14 days old, were decapitated 
immediately above the fifth node. Lanoline pastes containing indolylacetic acid, 
gibberellic acid or 2 : 4-dichlorophenoxyacetic acid, of the concentrations stated in 
the text below, were applied to the cut surface. After 8 days the lateral buds or 
shoots were cut off and their length measured. Similar measurements were made 
of buds on untreated plants and on plants decapitated and with lanoline alone 
applied to the cut surface. Each treatment was applied to 24 plants, in six pots con- 
taining groups of 4 plants. For statistical analysis the data for the four plants in 
each pot were added so that in effect each treatment was replicated six times; the 
replicates were arranged in randomised blocks on the greenhouse bench. 

Dormancy of potato tubers. Methods are described in the text. 

Petiole abscission. Abscission was studied using the in vitro Coleus explant ‘ech- 
nique of Addicott, Lynch, Livingston and Hunter (1949). Their technique was modi- 
fied in two ways: — (a) instead of using isolated nodes with a pair of attached 
petioles, these were split longitudinally so that each explant carried only one petiole; 
(b) the substances to be tested were applied to the distal end of the petiole in 
0.001 ml. ethyl alcohol. 

Root initiation. Shoots of Meteor peas, 3 weeks old, were cut off at the base and 
the lower leaves removed. These were stood in a 1 in. depth of the auxin or gib- 
berellic acid solution for 24 hr., then removed ‘and placed in a similar depth of 
water. Observations on rooting were made at intervals for 2 weeks. 

Abbreviations. The following abbreviations are used: — GA, gibberellic acid; 
2:4-D, 2: 4-dichlorophenoxyacetic acid; IAA, 3-indolylacetic acid; NAA, 1-naph- 
thylacetic acid. 


Results 


Extension of wheat coleoptile sections 


IAA and GA were compared in concentrations from 0.01 to 100.0 ug./ml. 
(Table 1). Two points are illustrated which we have confirmed in numerous 
experiments, viz. (a) at 0.01 ug./ml. GA induces a greater extension than IAA; 
(b) further increase in the concentration of GA does not cause increased 
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Table 1. Mean final length (mm.) of 10 wheat coleoptile sections (initial length 22.5 mm.) 
after 24 hr. in aqueous solutions of gibberellic acid (GA) or indolylacetic acid (IAA). 
une ne lan an ri Fr a a a a ee NR denn 


AR | Concentration (g./ml.) 
| 0.01 0.1 1.0 10.0 100.0 
N Se nes EURE 1-20 36.6 36.8 91.1 36.4 35.6 
TAA : : | 34.9 3148 39.6 40.1 39.1 
Water controls: 35.0, 34.5 


Significant difference (S.E.xtx V 2) =1.0 (P=5 %), 1.4 (P=1 %). 


extension, whereas the effect of IAA increases as the concentration is 
increased up to 10 ug./ml. 

Hayashi and Murakami (1953 b) obtained similar results with gibberellin A 
in an oat coleoptile section test, but were unable to detect any significant 
response in wheat coleoptile sections; however, their wheat coleoptile test 
was much less sensitive than their oat coleoptile test. 


Extension of etiolated pea stem sections 


IAA and GA were compared in concentrations of 0.1, 1 and 10 ug./ml., 
with or without added cobaltous chloride (Table 2). As in the wheat coleoptile 
test GA was more effective than IAA in low doses (0.1 ug./ml.); also here 


Table 2. Mean final length (mm.) of 5 etiolated pea stem sections (initial length 27.0 mm.) 
after 24 hr. in solutions of gibberellic acid (GA) or indolylacetic acid (IAA), with or without 
additiona! cobalt chloride (10-* M). 


| 

Treatment Without CoCl, With CoC], | Mean 
| | 

RUN ne | 40.3 | 41.4 | 40.9 
> Or eee eee | 42.5 42.1 42.3 
CAN ie hot asus | 47.6 48.8 48.1 
DO RE ne een | 46.1 44.4 45.3 
Pee wem nen | 47.5 | 49.5 | 48.5 
ER na aile nul 43.8 | 44.6 44.1 
RR 22) MEN, 42.6 44.9 43.8 
Se crc 45.4 49.1 | 47.3 

| Mean | 44.4 | 45.6 | 


Significant differences (S.E.XtX V2) 


For comparison of individual means ......... 3.4 (P=1.%), 2.6 (P=5 %) 
» » means in side margin .... 2.4 (P=1 9/0), 1.8 (P=5 (/o) 


» » » » lower margin .... 1.2 (P=1 0/6), 0.9. (P=5 %o) 
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Table 3. Percentage increase in fresh weight of potato tuber discs in aqueous solutions of 
1-naphthylacetic acid (NAA), indolylacetic acid (IAA) or gibberellic acid (GA) at 25° C. 
(Significant differences are based on analysis of variance of data after angular trans- 
formation.) 
en 


Days 
Experiment Treatment 
3 | 5 7 
pO TR ee ee nn 
Water On... 10.2 15.2 19.0 
NAA, 10 pg./ml. ......... 13.9 30.52 46.3? 
IELNAA se Latte mL 11.2 24.72 41.67 
I AA 10 gs Im en. 13.0 20.41 27.01 
VA Ave ICHS. Me 277 12.1 15.2 20.9 
GAME meer 10.2 | 13.6 16.1 
GASES Ts goin) ern 10.7 15.2 18.5 
Waterzonly 7-07. 12.0 16.9 18.7 | 
GA100 mr ml ren. 11.9 15.1 22.1 
GAF ANNE Im} 72 12.8 | 16.5 18.6 
Il SI GA las 11.6 | 15.9 19.0 
GAS O01 ems ee 11.7 16.6 17.8 
GAY 0:00" figi/mil. Fre 10.8 | 15.2 TR 
NAA; 10) 9g./mle Fern 20.42 | 47.02 63.8? 


Significantly different from water only, 'P<5%, ? P < 1 °/0. 


again further increase in GA concentration did not lead to an increased 
response. However, in this test the response induced by 10 ug./ml. IAA, 
while greater than that induced by 0.1 ug./ml. IAA, was less than that 
induced by 0.1 ug./ml. GA. This is in contrast to the results of Hayashi and 
Murakami (1953 a) with gibberellin A, which was found to be less active 
than IAA. Cobaltous chloride slightly increased extension in this experiment, 
as demonstrated earlier by Miller (1954). 


Water uptake by potato tuber tissue 


NAA increased water uptake (Table 3), as measured by increase in fresh 
weight, very considerably; IAA had a much smaller but just significant 


effect. This is in agreement with the results of Hackett and Thimann (1952). 
GA had no detectable effect. 


Root growth 


The effect of GA and IAA on root growth of cress seedlings was studied in a 
factorial experiment in which each substance was tested at four levels in all possible 
combinations; the results are summarised in Table 4. The root lengths recorded 
varied widely from treatment to treatment and, since the range of replicate observa- 
tions in any one treatment tended to be proportional to the mean, it was judged 


necessary to transform the primary data before statistical analysis; a logarithmic 
transformation was used (Table 5) 
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Table 4. Mean length (mm.) of roots of cress seedlings growing in aqueous solutions con- 
taining gibberellic acid (GA) and indolylacetic acid (IAA). 


IAA concentration GA concentration (1g./ml.) 

ug./ml. = -- Mean 

0 0.1 | 1.0 | 10.0 
0 28.9 26.9 29.3 24.7 by fer: | 
0.1 15.2 16.4 16.0 121 15.1 
| 1.0 5.5 6.1 6.0 7.8 6.3 
10.0 3.8 3.6 3.8 3.6 3.1 

Mean 13.4 13.2 | 13.8 | 12,2 


The well-known inhibiting effect of IAA on root growth was clearly 
demonstrated, the low concentration of 0.1 ug./ml. reducing mean root length 
to approximately half that of the untreated seedlings. GA had no significant 
effect on root growth at any of the concentrations tested. In other experi- 
ments we have found that concentrations as high as 100 ug./ml. have little 
inhibitory effect on root growth. There is evidence from the analysis of 
an interaction between GA and IAA. Though statistically significant the effect 
is small. 


Table 5. Cress root growth test (see Table 4): statistical analysis of data after logarithmic 


transformation. 
IAA concentration GA concentration (11g./ml.) 
ink Mean 
se fem 0 0.1 1.0 10.0 
0 2.76 212 Qe 2.69 2.74 
0.1 2 48 2.01 2.50 2,40 2.47 
1.0 2.03 2.08 2.07 2.19 2.09 
10.0 1.87 1.86 1.87 1.85 1.86 = 
Mean 2.29 2.29 2.30 2.28 


Significant difference (S.E.xtx V2) for comparison of individual means 0.08 (P=5 °/o), 
O10 (P= Yo). 
for comparison of marginal means 0.04 (P=5 Po), 
OOS ET 4/0) 


Analysis of variance 


—— adn TIENEN EERIE Ce 


Effects 


GA main effect ... 
IAA main effect... 
Interaction 


Residual error 


2 Variance ratio significant at 1 


Degrees of Sum of Mean 
| freedom squares square 
3 0.01 0.003 
3 18.03 6.0102 
9 0.24 0.027? 
144 1.10 0.008 

159 19.38 

0/ level. 
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Table 6. Number of non-inhibited lateral buds on 24 Meteor pea seedlings, 8 days CEE 
decapitation and application of lanoline pastes containing indolylacetic acid (IAA), gibbe- 
rellic acid (GA) or 2 : 4-dichlorophenoxyacetic acid (24D) to the cut shoot apex. 


| Node : d 
Treatment 2 | Total for all nodes 
1 Il me) IV Ley 
| a an > Vom ee 
EI Only ee a ee | 13120 oe a 72 109 
‘ € 93 
LA RMS ee mm mec me er; 24 22 21 20 | 
10 ee Be EE eg 22 eer, ake 14 76 
POW GMP eases rc 1 roi 6 | 0 0711 26 
| ‘ DD | 91 | 98 
OA OT ne 10 24 22 21 2 
ah ee N ee 17 24 19 18 22 100 
ON niger Wane: RE 17 24 19 21 23 104 
VoeDy TOT nels ee hal 24) NEE 21 103 
Rend Dee 6 22 Shichi 8 49 
SO TRC re eS ees etal 0 6 0 30 SEE 8 
Not decapitated and untreated 0 0 GEN Ua 0 


Sumiki (1952) found that in the range 0.02—10.0 ug./ml., gibberellin A 
had no marked effect on the development and growth of oat-roots; his data 
were based on a limited number of observations and no statistical treatment 
was attempted. 


Inhibition of lateral! buds 


The results are presented in two ways: — (a) the lateral buds were graded as 
inhibited or non-inhibited, any buds greater than 3 mm. in length being arbitrarily 
taken to be non-dormant; the number of non-inhibited buds at each node in the 
24 experimental plants included in each treatment is given in Table 6: (b) the length 
of the lateral buds or shoots was measured; the mean length of these buds or shoots 


at each node is presented in Table 7, with an indication of those significantly dif- 


fering in length from those of decapitated plants treated with lanoline only. 


Ail buds in the intact plants remained inhibited. Decapitation released 
from inhibition all buds at nodes II to V, but not all those at node I. (It has 
been noticeable in many experiments that the bud at node I is much more 
strongly inhibited than any others in ‘Meteor’ pea seedlings, whereas that at 
node II is the least inhibited). The bud at node II produced a much longer 
shoot than any other bud. 

Application of a lanolin paste containing 0.1 mg./g. LAA to the cut shoot 
apex had little effect. The paste containing 1 mg./g. had a marked inhibitory 
effect on all lateral buds, and the paste containing 10 mg./g. retarded bud 
development to virtually the same level as on plants with an intact apical 
bud. This essentially reproduces the results of Skoog and Thimann (1934). 
Rather unexpectedly the effect of 2:4-D differs from that of indolylacetic 
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Table 7. Mean length (mm.) of lateral buds or shoots on Meteor pea seedlings, 8 days 
after decapitation and application of lanoline pastes containing indolylacetic acid (IAA) 
gibberellic acid (GA) or 2: 4-dichlorophenoxyacetic acid (24D) to cut shoot apex. (Signi- 
ficant differences are based on analysis of variance of data after logarithmic trans- 


formation). 
SE rm rt ce ET ee Se Mt 
| 7 Node | | 
reatment = — | Total for all nodes 
ee Il Ill IV V | | 
| . | | 
Eanoline only...) 49 | 38.0 | 15.8 | 18.4 | 12.8 | 84.9 
TOT Beeren |, Go 406 |.184 0 66 |.9.0 841 
Benannt Denis LS el Ba 38.12 
IRRE] RR £22) Sol ERBE pa? 10.62 
BE IS IR. el SA PARE LAPT 125 184 104.5 | 
PORE. euro] LOGO A= SRB 1, 8,227 19.8 163.92 
| TO DEIR. entree AUDE | 89.62 | 17,97 9.1.1185 145.6? 
| 
DA DE Oe pie | eo 8.9 6961| 19.1 | 6.72 176 | 122.21 
NE EN 3.111 39.9 | 11.11] 1.82] 3.12| 59.02 
ER. nnd 1.42| 2.72| 1.42] 0.72| 0.92| 7.12 
Not decapitated and untreated 1.1? 2.02 112| 0.3? 0.32| 5.3? | 


! Significantly different (P <5 ®o) from lanoline controls. 
= » 3 (PET on > » » 


acid in some respects. The paste containing 0.1 mg./g. very markedly stimu- 
iated the development of lateral shoots at node II, while having little influence 
on the buds at other nodes; we have confirmed this result in other experi- 
ments. The paste containing 1 mg./g. 2:4-D inhibited buds at all nodes 
except node II, which was unaffected. The paste containing 10 mg./g. 2 : 4-D 
inhibited buds at all nodes, behaving similarly to the comparable indolyl- 
acetic acid paste. Both IAA and 2:4-D, especially at the higher rates of appli- 
cation, caused marked stem thickening, especially near the point of appli- 
_ cation. 

GA produced a rather different response. The paste containing 0.1 mg./g. 
had little effect but the iwo more concentrated pastes caused a noticeable 
increase in the length of lateral shoots especially at node II and to a some- 
what smaller extent at node I. While this response was quite distinct from 
that elicited by IAA or the higher concentrations of 2:4-D, it was rather 
similar to the response to the lowest dose of 2:4-D. Gibberellic acid caused 
no thickening of the stem. 

Kato (1953) found that gibberellin A stimulated and IAA inhibited the 
development of cotyledonary buds in decapitated pea (etiolated) and dwarf 


bean seedlings. 
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Table 8. Effect of gibberellic acid soak treatment of dormant potato tubers on sprouting 
(GA10—10 pg./ml. solution of gibberellic acid, GA100—100 ug./ml.). 


a =n 
| ‘ Water | Water | GA, | GAioo | GAio | GA100 
Experimental details 2 hr. |24 hr. | 2 hr. | 2 hr. | 24 hr. | 24 hr. 

ES ee eS ee 
| 1. Majestic (60 tubers!) | | 
| 1. Majestic u x 
| No. sprouted (64 days) ..................... 27 — 45 45 — a 
| Mean no. of shoots per tuber (64 days) 2.0 = 5.4 4.6 — 
| 2. Epicure (40 tubers! | 
| No. sprouted (11 days) ...................…. — 22 28 30 29 a 
NG) sprouted)(28 days) ka mo... ALT 40 40 40 N 
| Mean no. shoots per tuber (28 days) ... = 5.9 7.3 91 9.k 10. 
| Fresh weight of shoots, g. (28 days) ... — 1.4 6.4 9.3 7.7 11.4 
| 3. Majestic (28 tubers!) 

Nossprouteda 10) days) een en een — 2 8 11 14 16 
I No. sprouted (81 days)... — 14 23 25 27 27 


1 no. tubers per treatment. 


Breaking of dormancy of potato tubers 


We have carried out only three small experiments (Table 8) but the results 
were quite conclusive. 

(1) ‘Majestic’ potato tubers were soaked in GA (100 ug./ml. and 10 ug./ml.) 
for 2 hr., potatoes soaked in water for a similar period being used as con- 
trols. The treatment was carried out in October, 1954, soon after the tubers 
had been lifted so that they were consequently in a highly dormant condi- 
tion. After soaking the tubers were kept in a heated glasshouse. The tubers 
treated with GA began to sprout within 2 weeks while the control tubers 
were still completely dormant. After 64 days almost all the tubers treated 
with GA had sprouted vigorously, whereas only half the controls had sprouted. 
The shoots on GA treated tubers were more numerous, less confined to the 
apex of the tuber, and were more richly branched than those on control 
tubers. Their appearance strongly suggested a loss of apical dominance. 

(2) ’Epicure’ tubers were treated in November, 1954; in this case 2 hr. 
and 24 hr. soaks were tested. These tubers, being of an early variety, were 
noticeably less dormant than the ‘Majestic’ but GA had a noticeable dor- 
mancy-breaking effect. Branching of the shoots produced was again noticed. 

(3) "Majestic’ tubers were treated in December, 1954, and stimulation of 
sprouting by GA was again very noticeable (Table 8). 

This dormancy-breaking effect is to be contrasted with the characteristic 
dormancy inducing effect of IAA (Guthrie, 1939). 
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Table 9. Effect of application of indolylacetic acid (IAA) and gibberellic acid (GA) on 
abscission of Coleus petioles: no of petioles shed, from total of 10 in each case. 
oo 


D af 

Pepa tment ays after Den 
1 2 3 5 6 
IAA, 100 pg....... 0 0 1 2 5 
» AT eee 0 0 0 0 3 
» APE.) 0 0 0 1 4 
PR ONE. | 0 2 6 8 10 
GAS 100" ge... ..| 10 10 10 10 10 
» LOBEN 0) 10 10 10 10 
» TE El 10 10 10 10 
EL ET 10 10 10 10 10 
Untreated 10 10 10 10 10 
» 10 10 10 10 10 


Coleus petiole abscission 


The results are presented in Table 9. Even the lowest dose of IAA, 0.1 ug., 
delayed abscission considerably. GA, on the other hand, did not delay abscis- 
sion at all in the dose range 0.1—100.0 ug. 


Cell division 


In experiments where lanoline pastes containing 2:4-D or IAA were 
applied to decapitated pea seedlings (Tables 6 and 7) or to tomato or broad 
bean (Vicia) seedlings stem thickening invariably developed; 2:4-D pro- 
duced more severe and less localized swellings than IAA. Swellings of this 
type, caused by excessive cell proliferation in cambium or cortex, are a 
common feature of auxin action, but we have never observed any such 
developments after application of GA, even in very large doses. 

Sumiki (1952) and Kato (1953) showed that gibberellin A did not induce 
callus formation on cut stem surfaces of broad bean, sunflower or tomato, 
whereas IAA and NAA had a pronounced effect. 


Root initiation on stem cuttings 


The results of an experiment on rooting of stem cuttings of Meteor pea 
are summarised in Table 10. IAA and NAA both induced rooting; GA did 
not, and in fact reduced rooting. It was noteworthy that the 24 hr. treatment 
with GA led to considerably elongation of the main axis of the stem cuttings. 
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Table 10. Effect on root initiation of Meteor pea stem cuttings of 24 hr. treatments with 
indolylacetic acid (IAA), 1 naphthylacetic acid (NAA) and gibberellic acid (GA). (Observa- 
tions 14 days after treatment). 


No. of cuttings rooted | Mean no. of roots 

LLERtInEn! (possible maximum: 40)| per rooted cutting 
Untreated ..2...... 10 3.1 
IAA, 10 pg./ml. 29 3.5 
> 1  pg./ml. 12 2.1 
NAA, 10 pg./Im. 32 tal 
» 1 pg./ml. 21 4.1 
GA, 10 pg./ml. 0 0 
» 1 pg./ml. I 1.0 
» 0.1 pg./ml. 1 1.0 


Discussion 


One of the most striking features of the physiological activity of IAA is the 
multiplicity of responses which it induces in plant tissues. These responses 
include increased cell-extension in shoot tissues, increased cambial activity, 
stimulation of root initiation, inhibition of the growth of roots and lateral 
buds and prevention of petiole abscission. This multiplicity of response has 
led Thimann (1948) to postulate that IAA takes part in some fundamental 
"master reaction’ in the cell. The majority of synthetic auxins elicit a similar 
multiple response. 


Is GA an auxin? Thimann (1948), Tukey, Went, Muir and van Overbeek 
(1954) and Larsen (1954) agree that an auxin should be defined primarily 
by its capacity to induce elongation in shoot cells. In so far as GA induces 
elongation of shoot cells of intact plants and of wheat coleoptile or pea stem 
sections, it must be considered to be an auxin or an auxin precursor. We 
have at present no reason to suppose that it is a precursor rather than an 
actual auxin so in the succeeding argument that possibility is not considered, 
though it may eventually be necessary to do so. The failure of GA to stimulate 
water uptake by potato tuber tissue needs to be considered here. This test 
works particularly well with NAA, which induces greatly increased water 
uptake. In our experience, confirming that of Hackett and Thimann (1952), 
IAA causes much smaller increases, which in our experiments only just reach 
statistical significance. If GA induced a smaller response than IAA, as it does 
in the wheat coleoptile section test, we could not expect to detect it by the 
potato disc technique without a much greater amount of experimental replica- 
tion. Consequently we do not consider that the negative result obtained in 
this test significantly detracts from our conclusion that GA is an auxin. 
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It is convenient to summarise here the similarities and the differences 
between GA and IAA. Both stimulate shoot cell extension; here their simila- 
rity apparently ends. Unlike IAA, GA does not inhibit root growth or the 
development of lateral buds; it does not prevent petiole abscission, neither 
does it stimulate cambial activity or initiation of roots on stem cuttings. Thus, 
whereas auxins in general are characterised by a multiplicity of physiological 
responses, GA is characterised by specificity, the only growth response yet 
detected being increased cell extension in shoot tissues. This appreciation of 
the activity of GA is supported by the results obtained with the related sub- 
stance gibberellin A by Japanese workers. We are naturally led by these dif- 
ferences in physiological activity to enquire whether the modes of action 
of GA and IAA are related. This does not conflict with our earlier conclusion 
that GA is an auxin; this is no more than a conclusion that both produce 
a similar end effect on shoot cell growth and it does not necessarily follow 
that they intervene in the growth process at the same stage. 

On further examination some of the differences between GA and IAA 
appear to be differences of degree rather than of kind. At first sight, the 
failure of GA to inhibit development of lateral shoots in decapitated pea 
seedlings might be considered to be an important distinction from the auxins. 
In this respect GA certainly differs from IAA and the higher doses of 2:4-D, 
but we have shown that in low doses the auxin 2 : 4-D behaves similarly to 
GA in so far as it increases the growth of the lower lateral shoots. The dis- 
tinction from auxins in this experiment is therefore not absolute. Similarly, 
while the potato tuber dormancy-breaking effect of GA at first sight appears 
contrasted with the well-known sprout-inhibiting properties of such auxins 
as IAA and NAA, Guthrie (1939) has shown that low concentrations of IAA 
may have a slight dormancy breaking effect on potato tubers. Thus in these 
effects on buds, whether of tubers or of decapitated shooïs, GA and the 
auxins could be interpreted as behaving similarly, GA having a stimulating 
effect over a wider range of concentrations than such auxins as IAA or 
- 2: 4-D. Indeed, a feature of the biological activity of GA is its lack of inhibi- 
tory effect in high doses. We have shown (Brian et al., 1955) that in experi- 
ments with intact Meteor pea plants an appreciable stimulation of growth 
is produced by application of GA in a dose of 0.01 ug. per plant and that a 
dose of about 1 ug. produced a maximal response. We have since found 
(unpublished results) that a dose of 1000 wg. per plant produced an effect 
of the same order as that produced by 1 ug. In other words, a dose 10° times 
greater than that required to produce an obvious growth response was still 
growth-promoting. 

A more weighty distinction from the auxins is in the effect on root growth. 
It is characteristic of most auxins that, at concentrations which increase 
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growth of coleoptile sections, root growth is strongly inhibited. GA had no 
significant effect in the concentration range 0.1—10 ug./ml. Root growth is 
a complex process involving cell division and cell extension and the inhibitory 
action of auxins involves inhibition of both these processes. Effects of GA 
on cell division are discussed below; the failure of GA to inhibit root cell 
extension can possibly be explained by the generally non-toxic nature of 
high doses as in the case of lateral buds. 

Thus in general terms, in so far as effects on cell-extension are concerned, 
there seems no reason to suppose that the physiological activity of GA and 
more well known auxins are different in nature. However, in its failure to 
prevent petiole abscission, to stimulate cell-division in cambial or cortical 
tissues or the stem, or to stimulate rooting of shoot cuttings, GA differs 
sharply from IAA and most auxins. It is noteworthy that stimulation or 
inhibition of cell division is involved in these physiological responses. It is 
tempting to conclude that GA is different from the auxins in mode of action; 
acting either by affecting the growth process at a stage subsequent to Thi- 
mann’s postulated master reaction, so that the generalised response involving 
both the cell division and cell extension phenomena characteristic of IAA 
is not produced, or by affecting cell-extension by some entirely different 
mechanism. Alternatively it is possible that IAA and auxins of analogous 
chemical structure affect cell-division and cell-extension by entirely different 
mechanisms, in only one of which can the auxin be replaced by GA. How- 
ever, there is as yet no positive evidence in favour of any of these speculative 
schemes. The only reason at present for considering the possibility that GA 
has a distinct mode of action lies in its greater specificity, in other words on 
the purely negative evidence that it does not do some of the things which 
IAA does. In this connection it is apposite to recall that indolylacetonitrile, 
which occurs naturally in some species of plants, shows a much greater 
specificity in the growth responses it evokes than does IAA, but it is never- 
theless likely that the same mode of action is involved. Indoylacetonitrile is 
active in inducing oat coleoptile section extension, in the initiation of cam- 
bial activity in Salix, and in inhibition of growth of oats and cress roots: it is 
inactive in promoting growth of pea epicotyl sections, in inhibition of lateral 
buds of Phaseolus, in root initiation in Phaseolus, and in inhibition of petiole 
abscission in apple (Bentley and Bickle, 1952; Bentley and Housley, 1952, 
1953; Thimann, 1953). All these differences from IAA, whether involving 
greater or less activity than IAA, can be plausibly accounted for by two 
factors — greater rapidity of entry of the neutral indolylacetonitrile mole- 
cule into the cell, and the need for metabolic hydrolysis to IAA before a 
response is obtained, the necessary hydrolytic enzyme system being present 
only in certain plant species. While the specificity of action of indolylaceto- 
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nitrile is less marked than that of GA, and while the specificity of GA cannot 
be accounted for in the same way, this example shows that specificity is not 
necessarily indicative of a distinct mode of action for GA; further positive 
evidence is required before such a conclusion would be really justified. 


Summary 


(1) Gibberellic acid (GA) increased extension growth of wheat coleoptile sec- 
tions. It elicited a maximum response in concentrations of 0.01 ug./ml. 
Further increase in concentration to 100 ug./ml. did not significantly 
increase or decrease response from this level. At 0.01 ug./ml. GA was 
more active than indolylacetic acid (IAA) at the same concentration. 
Optimum concentrations of IAA (ca. 10 ug./ml.) induced a much greater 
response than GA. GA was more effective than IAA in inducing extension 
of pea stem sections, but increase in concentration of GA above 0.1 ug./ml. 
did not increase or decrease response. GA did not increase water uptake 
by potato tuber tissue. 

(2) When applied to decapitated pea seedlings GA at all concentrations tested 
stimulated the growth of lateral shoots from the lower leaf axils of the 
main stem. In this it differed from IAA which inhibited lateral shoot 
development at all nodes. 2 : 4-pichlorophenoxyacetic acid in low doses 
behaved rather similarly to GA, but in higher doses it inhibited lateral 
buds as effectively or more effectively than IAA. 

(3) GA did not inhibit the growth of cress roots; it did not delay abscissicn 
of Coleus petioles; it did not stimulate cell division in pea, broad bean 
(Vicia) or tomato stems; not only did it fail to stimulate root initiation 
in pea stem cuttings but it appeared to inhibit root initiation. In all of 
these respects it differed from IAA. 

(4) GA must be considered to be an auxin in the sense of the recent defini- 
tion of Tukey et al. (1954). It fails to elicit many of the physiological 
responses characteristic of IAA, particularly those in which cell division 
is involved. In the absence of more direct evidence, it is considered pre- 
mature to conclude that its mode of action in promoting shoot cell growth 
is distinct from that of IAA and other auxins. 

We are much indebted to Dr. L. C. Luckwill for advice concerning the wheat 


coleoptile extension assay and the Coleus petiole abscission test. We are indebted 
to Miss P. S. Hooper, Mr. J. H. Petty and Mr. R. G. Weaver for technical assistance. 
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Introduction 


Garner and Allard (2) showed in 1931 that alternating periods of light and 
darkness of equal length and from 5 seconds to 1 hour in duration have 
effects on the growth of plants different from those of a 12-hour »control», 
even though in a 24-hour period the plants under the various treatments all 
receive the same total amount of light. These growth variations were found 
with all the eleven species of short-day, long-day, and indifferent plants 
studied, with differences also noted in the time required for flowering under 
the various light-dark cycles. The studies were begun with young seedlings 
and lasted from 20 to 98 days. Variations in heights of the plants at the end 
of the test periods were reflected in variations in fresh and dry weights of 
tops and roots. These effects were further studied by Highkin and Hanson (2) 
with 6, 12, and 24-hour alternations of light and darkness, and these workers 
found a striking inhibition of growth of the tomato grown from seed with 
the 6-hour and 24-hour cycles over a period of about 6 weeks. Peas showed 
some inhibition, while sunflowers were not significantly affected. 

The present work was taken up to determine the effects of various cycles 
on the growth of tomato and cocklebur plants over a shorter period of time 
and with various light intensities. In this paper a cycle of 2 hours of light 
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and 2 hours of darkness, for example, will be called a »2-hour cycle», the 
alternating light and dark periods in each treatment always being of the 


same length. 


Materials and Methods 


Seeds of tomato (variety Extra Early) and burs of cocklebur (Xanthium penn- 
sylvanicum) were sown in vermiculite and allowed to germinate. About a week 
later the seedlings were transplanted into cups in vermiculite and watered regularly 
with nutrient solution. The tomato seedlings were grown after transplanting for 
about two weeks in a greenhouse at a day temperature (8 hours) of 23/0 amd 
night temperature (16 hours) of 17° C., while the cocklebur seedlings were grown 
at a day temperature of 26° C. and a night temperature of 20° C. for a similar 
length of time. The cockleburs were given supplemental light every day from 4: 00 
to 12: 00 pm to keep them from flowering. 

The »light boxes» used to give the alternating periods of light and darkness to the 
test plants were arranged in a row of five. The tops of these boxes were opened 
and closed by electric motors which were controlled by time clocks. The motors 
pulled the sliding covers off the boxes or replaced them at the appropriate times. 
Each box held 3 racks of 9 test plants each, and these racks could be placed at 
various distances from the tops of the boxes to vary the light intensity received 
by the 3 groups of plants. The light source directly above the row of boxes consisted 
of warm white fluorescent tubes interspersed with incandescent bulbs. This artificial 
light source gave an intensity of about 1500 foot-candles (fc) near the tops of the 
boxes. The temperature of the room in which the ventilated boxes were located was 
kept at 17° C. 

The experimental plants were selected at random into groups of 9 from a lot of 
plants uniform in size after the tallest and shortest ones had been discarded from 
the initial population. The plants were grown under the experimental conditions for 
2 to 3 weeks. At harvesting the total heights and fresh and dry weights of roots 
and tops separately were determined, with an average in each case being taken of 
the 9 plants in each treatment. 

Young cocklebur and tomato plants were tested with various light intensities in 
combinations of 5-minute, 15-minute, 1-hour, 2-hour, 4-hour, 6-hour, 9.6-hour, 
12-hour, and 24-hour cycles. The flowering cockleburs used in one experiment were 
induced to flower by exposure to the natural short daylength of late October for 
about 2 weeks in the greenhouse. Flower buds were detectable when the plants 
were put into the light boxes. Chlorophyll was extracted from leaf stamps with 


methanol, and the relative concentrations of the extracts were determined with a 
colorimeter. 


Results 


Figures 1, 2, and 3 show the effects of 2-hour, 4-hour, 6-hour, 9.6-hour, 
and 12-hour cycles on growth of tomato plants as measured by increase in 
height, fresh weight, and dry weight of the tops over a period of 17 days in 
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Figure 1. Average increase in 
height in 17 days of tomato 
plants grown under various 
cycles of light and darkness 
at three light intensities. Fi- 
gures on the abscissa indicate 
the length of each light pe- 
riod or its alternating dark 
period. Each point on the 
graphs represents an average 
of 9 plants. 


CENTIMETERS INCREASE IN HEIGHT 


HOURS 


the light boxes at light intensities of 500, 1000, and 1500 fc. The graphs of 
the fresh weight and dry weight increases show essentially the same pattern 
under the 5 cycles, and the graphs for each of the three light intensities 
employed are also quite similar. However, the increase in height of the plants 
(Figure 1) was considerably greater in the 12-hour cycle than in the 9.6, 
whereas these two cycles show about the same production of fresh and dry 
weight (Figures 2 and 3). With the other series of cycles used in this study 
the three graphs (increase in height, fresh weight, and dry weight) were 
more nearly alike, and only the data for dry weight increase of the tops will 
be given as a measure of growth. The most growth in height was usually 
shown by the plants grown at 1000 fc and the least at the highest intensity 
of 1500 fc, while increases in fresh and dry weight were greatest at the highest 
intensity and smallest at the lowest intensity. 

Figure 3 shows that of the 5 cycles employed in this particular series with 
the tomato, growth as measured by dry weight increase was greatest in the 
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GRAMS INCREASE IN FRESH WEIGHT 


Figure 2. Average increase in 
fresh weight in 17 days of 
tops of tomato plants grown 
under various cycles of light 
and darkness. 


HOURS 


4-hour cycle, markedly less in the 2-hour and 6-hour cycles, and somewhat 
less in the 9.6 and 12-hour cycles. The increase in dry weight at the highest 
intensity in the 4-hour cycle was 2.3 times that in the 2-hour cycle, where 
the poorest growth took place. Figure 4 shows the increases in dry weight 
of cocklebur plants subjected for 15 days to the same 2, 4, 9.6, 12, and 24-hour 
cycles at the 3 light intensities. With this plant the best growth was found in 
the 12-hour cycle, with some decrease in the 24-hour cycle and a larger 
decrease with increasing shortness of the cycles through 9.6, 4, and 2 hours, 
except al the 1000 fe intensity, where the poorest growth took place in the 
4-hour cycle. The reduced weight increase in the 12-hour cycle at 1500 fe 
resulted from accidental damage to the leaves of the plants during the experi- 
mental period. The increase in dry weight in the 12-hour cycle at 1000 fe 
was 1.5 times as large as the increase in the 4-hour cycle. 

Figure 5 shows the amount of increase in dry weight of the tops of cockle- 
bur plants with 5-minute, 15-minute, 1-hour, 4-hour, and 12-hour cycles at 


Figure 3. Average increase in 
dry weight in 17 days of tops 
of tomato plants grown un- 
der various cycles of light 
and darkness. 
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Figure 4. Average increase in 
dry weight in 15 days of tops 
of cocklebur plants grown un- 
der various cycles of light 
and darkness. The plants had 
been induced to flower be- 
fore being placed under the 
experimental conditions. 
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GRAMS INCREASE IN DRY WEIGHT 


InaVa | 4 12 
HOURS 


Figure 5. Average increase in dry weight in 20 days of tops of vegetative cocklebur plants 
grown under various cycles of light and darkness. 


the three intensities in 20 days. In this series the greatest growth took place 
with the 1-hour cycle and somewhat less with the 12-hour cycle. Growth 
was comparatively poor with the 5-minute, 15-minute, and 4-hour cycles. 
At 1500 fc the increase in dry weight in the 1-hour cycle was 2.5 times as 
great as that in the 15 minute cycle. 


Plants grown in the shortest cycles began to show an effect on the amount 
of chlorophyll in the leaves shortly after being introduced into the light 
boxes. As shown in Figure 6 with a series consisting of 5-minute, 15-minute, 
1-hour, 4-hour, and 12-hour cycles at 1500 fc, the amount of chlorophyll in 
cocklebur leaf samples varied considerably. The 5-minute and 15-minute 
leaves in this case had one-quarter to one-third as much chlorophyll as the 
leaves from plants in the longer cycles, and in appearance the leaves of these 
plants were light green in color and somewhat curled. The effects were 
equally noticeable at all three intensities. 

The cocklebur plants of Figure 4 showed small flower buds at the begin- 
ning of the 15-day light-box treatment. Figure 7 shows the effect of the 2, 4, 
9.6, 12, and 24-hour cycles on the subsequent development of these buds 
during the experimental period, as indicated by the total fresh weight of the 
inflorescences of each group of 9 plants at the time of harvest. The inflores- 
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Figure 6. Effects of various cycles of light and darkness on the amount of chlorophyll in 
leaves of vegetative cocklebur plants after 20 days, as indicated by relative concentrations 


Figure 7. Effects of various 
cycles of light and darkness 
on the fresh weight of inflo- 
rescences of induced cockle- 
bur plants after 15 days. Each 
point represents the total 
weight of the inflorescences 
of 9 plants. 
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cences from the 12-hour plants at 1500 fe were 5.7 times as heavy as those 
in the 4-hour cycle and more than twice as heavy as those in the 24-hour 
cycle. The shapes of the curves correspond well with those of the vegetative 
growth of the tops. The inflorescences were heaviest at the highest light 
intensity except in the 24-hour cycle, where the weight fell below that of the 
ones at 1000 fc. 


Discussion 


Figure 8 shows a comparison of the growth of plants of Fagopyrum vul- 
gare and Cosmos sulphureus under various cycles, as drawn from data of 
Garner and Allard (2). The buckwheat is indifferent to daylength in its 
flowering response and was in flower at the end of the 34-day test, while 
the Cosmos is a short-day plant and did not flower under any of the condi- 
tions in the 42 days of the test. Both of these plants showed the best vegeta- 
tive growth, as measured by increase in dry weight of the tops, at the longest 
(12-hour) and shortest (5-second) time periods employed. The buckwheat 
grew best in the 5-second cycle of the 5-second, 15-second, 1-minute, 5-minute, 
15-minute, 30-minute, 1-hour, and 12-hour cycles employed, and second best 
in the 12-hour »control» cycle, whereas the Cosmos produced 3.5 times as 
much dry weight in the 12-hour cycle as in the next best 5-second cycle. 
With the buckwheat the poorest growth was shown in the 1-minute and 
15-minute cycles, with the intermediate 5-minute cycle somewhat better, 
while the Cosmos produced the smallest amount of dry weight in the 1-minute 
and 5-minute cycles. Eighty-eight times as much dry matter was produced 
in the 12-hour cycle as in the 1-minute, and 26 times as much in the 5-second 
as in the 1-minute. 

With the use of plants several weeks old for relatively short experimental 
periods, it was found in the present study with the cocklebur that the maxi- 
mum growth as indicated by dry weight increase occurred in the 1-hour 
cycle, with a minimum in the 15-minute cycle. A second maximum appeared 
in the 12-hour cycle, with the 4-hour cycle also being comparatively un- 
favorable for growth and the 24-hour cycle somewhat less so. This growth 
pattern does not compare well with that found by Garner and Allard for the 
short-day Cosmos, wherever the same cycles were employed. With the Cos- 
mos the maximum growth took place in the longest 12-hour cycle and the 
second-best in the shortest 5-second cycle, with a small peak in-between in 
the 15-minute cycle. The curves for buckwheat and Cosmos are quite com- 
parable. 

The possibility that the inhibition of growth of the tomato and cocklebur 
plants under certain cycles of light and darkness is due to effects on the 


VARIOUS CYCLES OF LIGHT AND DARKNESS 921 
45 
40 


[ BUCKWHEAT, 34 DAYS 
35 E cosmos, 42 DAYS 


30 


25 


20 


GRAMS DRY WEIGHT 


15 SEC. 5 MIN. 30 MIN. 12 HRS 
5 SEC. | MIN. IS MIN. IHR. 


Figure 8. Dry weights of tops of 10 plants in each case of buckwheat and Cosmos grown 
/rom the seedling stage under various cycles of light and darkness at light intensities 
between 2000 and 4000 foot-candles. Drawn from data of Garner and Allard (2). 


photosynthetic mechanism does not seem very likely in that all of the plants 
under the various cycles received the same total amount of light during the 
experimental period. In addition, the growth responses were essentially 
similar in comparative amount among the different cycles at the 3 light 
intensities employed, at the highest of which the plants were light-saturated. 

Bünning (1) has presented a hypothesis that an endogenous daily rhythm 
exists in plants which determines their responses to environmental factors. 
According to this hypothesis, in the course of the 24-hour day the plant goes 
through one phase (the photophile) during which time light promotes cer- 
tain activities, while in a subsequent phase (the skotophile) light has no 
promoting effect or may be inhibitory. Highkin and Hanson (2) suggest an 
application of this hypothesis to their results in which tomato growth was 
found to be greatly inhibited in alternating periods of light and dark 6 hours 
in length and 24 hours in length. Under both these conditions the plants 
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received light during the skotophile half of a 24-hour period (the normal dark 
period), and as a result growth was hindered. This hypothesis of Bünning 
offers a means of explaining inhibition of growth with 6-hour and 24-hour 
cycles, perhaps, but sheds little light on the reasons for the growth patterns 
found in the shorter cycles where growth is in some cases much better than in 
12-hour cycles. However, the patterns may indicate that other rhythms than 
diurnal ones are effective. The results with the tomato in the present work 
indicate that over a short period of time, at least, growth is particularly 
favored by 4-hour and 12-hour alternations of light and dark, and less 
favored by cycles in between. With the cocklebur growth is particularly 
favored by the 5-minute, 1-hour and 12-hour alternations of the ones 
employed in this study. Possibly different processes taking part in growth 
respond to cycles of different lengths. 

Chlorophyll deficiencies developed in the 5-minute and 15-minute cycles 
in the cocklebur but not in the other cycles. This agrees with the fact that 
the poorest cocklebur growth was found in the 15-minute cycles. Garner and 
Allard found that buckwheat plants become etiolated in the 5, 15, and 
30-minute cycles and Cosmos in the 1, 5, and 15-minute cycles. 

The effects of various cycles on the growth of inflorescences of induced 
cocklebur plants, as seen in Figure 7, is very striking, and here the 12-hour 
cycle is greatly superior to the others. The effect of shorter cycles on in- 
florescence growth was not studied. No macroscopic flower buds were visible 
on any of the initially non-induced cocklebur plants at the end of the experi- 
mental periods. In noting the time required for flowering of the various 
plants tested under the different cycles, Garner and Allard found that the 
photoneutral buckwheat plants bloomed at the same time under all the cycles. 
The long-day Rudbeckia bicolor, however, grown under 5-second, 15-second, 
1-minute, 5-minute, 30-minute, and 1-hour cycles, flowered most rapidly in 
the 5-second and 15-second cycles; and the long-day Delphinium ajacis also 
flowered most rapidly in the 5-second and 15-second cycles. Flowering data 
for short-day plants were not recorded. 


Summary 


1. Young tomato plants were grown under various cycles of alternating 
light and dark periods of equal length (each period 2, 4, 6, 9.6, or 12 hours 
in length) for 17 days. Growth as measured by increase in height, fresh 
weight, and dry weight was greatest under cycles of 4 hours of light and 
4 hours of darkness. Growth was next best under 12-hour cycles, and the 
poorest growth took place under 2-hour cycles. 
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2. In young cocklebur plants grown for 2 to 3 weeks under 5-minute, 
15-minute, 1-hour, 2-hour, 4-hour, 9.6-hour, 12-hour, and 24-hour cycles the 
most growth took place under cycles of 1 hour of light and 1 hour of dark- 
ness, with the 12-hour cycle being less favorable for growth but still better 
than the other cycles. Poorest growth took place under the 15-minute cycle. 

3. The growth patterns among the various cycles were not affected by 
three different light intensities of 500, 1000, and 1500 foot-candles, although 
the best growth occurred at the highest intensity. 

4. Leaves of cocklebur plants grown under 5-minute and 15-minute cycles 
were light green in color and contained one-fourth to one-third as much 
chlorophyll as leaves from plants under longer cycles. 

5. The growth of the inflorescences of induced cocklebur plants was 
greatly decreased under cycles longer and shorter than 12-hour cycles. 

6. The results suggest that other rhythms than diurnal ones are operative 
in the growth of the tomato and the cocklebur. 


The author wishes to thank Dr. F. W. Went for his kind help and advice and for 
the opportunity to use the facilities of the Earhart Laboratory of the California 
Institute of Technology. The work reported here was done while the author was a 
Fellow of the National Science Foundation. 
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Introduction 


Plants grown with nitrate-N as a nitrogen source often differ considerably 
in composition and metabolism from similar. plants grown in ammonium-N 
(see reviews by Nightingale (1937) and Street (1949) but our knowledge of 
the processes underlying these differences is limited. In this, and the following 
papers, work on the assimilation of nitrate and ammonium-N by nitrogen- 
starved cells of Chlorella vulgaris is described which illustrates how meta- 
bolism is altered by the form in which nitrogen is supplied. 

Nitrogen-starved organisms assimilate added nitrogen rapidly and, when 
respiration has been measured, a higher rate has been found to accompany 
the nitrogen assimilation; Syrett (1953 b) and Yemm and Folkes (1954) cite 
relevant papers. Fewer workers have compared ammonium-N and nitrate-N 
assimilation. Willis and Yemm (1955) have recently described the changes 
in oxygen absorption and carbon dioxide production which follow the addi- 
tion of ammonium-N, hydroxylamine-N, nitrite-N and nitrate-N to nitrogen- 
starved barley roots. Their results have much in common with those de- 
scribed here. 

Syrett (1953 a) showed that nitrogen-starved cells of Chlorella assimilate 
small quantities of ammonium-N rapidly, the assimilation being accompanied 
by increased rates of oxygen uptake and carbon dioxide production which 
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continue until all the ammonium-N has been assimilated. Syrett (1953 b) 
and Yemm and Folkes (1954) have discussed possible explanations of the 
respiratory stimulation. 

When nitrate-N is added to nitrogen-starved cells the rate of carbon dioxide 
output also increases greatly; oxygen uptake increases to a lesser extent. 
Now the quantitative differences which one would expect between the gas 
exchanges accompanying ammonium-N and nitrate-N assimilation by nitro- 
gen-starved Chlorella can be deduced from the fundamental work of War- 
burg and Negelein (1920). These workers suspended Chlorella cells in a 
mixture of 0.01 M HNO, and 0.1 M NaNO, with a pH of 2. They found that 
nitrate was reduced to ammonia which accumulated in the medium. When 
nitrate was reduced, an ‘extra’ carbon dioxide production was superimposed 
on the basic respiration (which had a R.Q. of unity) and they found that 
two molecules of ‘extra’ carbon dioxide were produced for each nitrate ion 
which was reduced. Such a quantitative relationship is expected if carbo- 
hydrate, or some substance of the same degree of reduction, is the carbon 
substrate from which carbon dioxide is produced by metabolism together 
with the hydrogen necessary for nitrate reduction: — 

2(CH,O) +2H,0 > 2C0,+8(H) 


When nitrate is added to nitrogen starved cells of Chlorella all the nitrogen 
is assimilated into organic compounds and ammonia does not accumulate 
as in the experiments of Warburg and Negelein. One would then expect to 
find that the gas exchange associated with nitrate reduction was super- 
imposed on the gas exchange associated with nitrogen assimilation. When 
a known quantity of ammonium-N is added the gas exchange associated 
with its assimilation can be measured. If the same quantity of nitrate-N 
is added to a similar sample of cells the gas exchange expected during its 
assimilation will be that accompanying ammonium-N assimilation plus two 
molecules of carbon dioxide for each nitrate ion which is assimilated. Thus 
the production of 44.8 cu.mm. of ‘extra’ carbon dioxide is expected for each 
nitrate ion which is assimilated but the total volume of oxygen consumed 
should be the same whether ammonium or nitrate-N is added. The finding 
of such a quantitative relationship does not necessarily imply that ammonia 
is an intermediate of nitrate assimilation as Burström (1945) has clearly 
pointed out. This quantitative relationship must apply if carbohydrate, or 
some substance of the same degree of reduction, is the intracellular carbon 
source and if the products of nitrate-N and ammonium-N are the same; this 
is true whatever the path of nitrate reduction. 


un Side. 
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Similar equations to the one above, can be written for the gas exchange 
expected to accompany the reduction of nitrite-N and hydroxylamine-N: — 


1 1/2(CH,0) + NO, +2H* > NH,*+ 11/2C0,+1/2H,0 
1/2(CH,0) + NH,OH+H* > NH,* +1/2C0,+1/2H,0 


Kessler (1953) has already shown that the expected gas exchange is found 
when nitrite is assimilated by nitrogen starved cells of Ankistrodesmus. 


Experimental part 


Chlorella vulgaris (Pearsall’s strain) was used. The culture conditions and method 
of nitrogen starvation are described in the following paper. 

Gas exchange was measured by the conventional Warburg technique in darkness 
and at 25° C. Oxygen uptake was obtained from flasks with caustic potash in the 
centre well and carbon dioxide production from the differences between these 
flasks and similar ones without caustic potash. The suspending medium for the 
experiments was 0.067 M phosphate with 0.0017 M magnesium sulphate, pH 6.0. 
A correction for carbon dioxide retention was applied (Umbreit, Burris and Stauffer, 
1949) ; experiments in which acid was added to the medium at the end of the experi- 
ment to liberate retained carbon dioxide showed that this correction was adequate 
when only small quantities of ammonium-N, nitrite-N or nitrate-N were assimilated. 
Two microatoms of nitrogen as ammonium sulphate, potassium nitrate, sodium 
nitrite or hydroxylamine hydrochloride were added to each flask; all salts were dis- 
solved in the suspending medium. Experiments were done in duplicate and the 
mean values plotted. 


The results of one experiment are shown in Figure 1 and those of a second 
in Table 1. 


Discussion 


The addition of any of the nitrogen sources is immediately followed by 
an increase of the rate of gaseous exchange. Both oxygen uptake and carbon 
dioxide production increase greatly when ammonium-N is added but the rate 
of oxygen uptake increases more and the R.Q. falls from its initial value of 
about 1.1 to 0.8. The low R.Q. is presumably correlated with the conversion 
of carbohydrate io more oxidized nitrogenous compounds (Syrett 1953 b). 
Yemm and Folkes (1954) observed a similar low R.Q. when yeast assimilated 
ammonium-N. The addition of both nitrite and nitrate is followed by a 
much larger increase of the rate of carbon dioxide production than of that 
of oxygen uptake and consequently a high R.Q. accompanies assimilation. 
A high R.Q. accompanying nitrate assimilation has frequently been observed 
(Burström 1945, Willis and Yemm 1955) and can be attributed to the pro- 
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Og CONSUMPTION x CO, PRODUCTION 300 
x NH,OH Cumms. 
x 


200 


100 


© 100 0 00 MINUTES © 
Figure 1. Gas exchange following the addition of 2 u-atoms nitrogen to nitrogen-starved 


Chlorella. Each flask contained 15.0 mg. dry wt. cells. pH 5.9. 0.067 M phosphate. 


Correction: in left diagram instead of NHa+ read NHy*. 


duction of ’extra’ carbon dioxide which accompanies nitrate reduction. It is 
interesting that the maximum rate of carbon dioxide production is the same 
whichever nitrogen source is added. This suggests that some process con- 
nected with decarboxylation may be limiting in these cells. 

It is not easy to decide how to calculate the total gas exchange associated 
with assimilation since there is doubt whether one should allow for a basic 


Table 1. Experiment 2. The gas exchange following the addition of ammonia, nitrite and 
nitrate to nitrogen-starved cells of Chlorella. 


4 Total gas exchange | ‘Extra’ | ‘Extra CO, | Maximum rate of gas | 
Addition (pl.) co, | N added | exchange (pl./10 min.)| R.Q. 
(2 umoles) = hw eae 

0; CO, | (Hg. atoms) 0; | co, 
18 re — 13 71 Be — HT 21.7 0.81 
NORE — 80 140 épars ee 54 — 10.0 21.3 2.13 
NO eae ial 166 95 | 2.12 — 9.0 23.0 2.47 


Each flask contained 13.5 mg. dry weight cells. 
60 
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metabolism during the period of assimilation or not. However, if one assumes 
that all the gaseous exchange during the period of rapid metabolism is 
associated with nitrogen assimilation the volumes of oxygen consumed and 
carbon dioxide produced are fairly close to those expected from the argument 
outlined above. Figure 1 shows that in experiment 1, except for hydroxyl- 
amine, the total volume of oxygen consumed was finally much the same 
whichever nitrogen source was added although the rate of uptake was much 
greater when ammonium-N was added. Table 1 gives a similar result for the 
second experiment. In experiment 1 the amount of ‘extra’ carbon dioxide 
produced is 1.41 molecules for each nitrite ion assimilated and 1.90 mole- 
cules for each nitrate ion; values for experiment 2 are shown in Table 1. 
These values agree well, in general, with the calculated values of 1.5 and 2.0. 

Hydroxylamine gives anomalous results. According to the argument above 
the total volume of oxygen taken up when this is added, should be the same 
as that taken up when the same quantity of ammonium-N is assimilated 
and the ’extra’ carbon dioxide should be 0.5 molecule per N-atom assimilated. 
Clearly the volume of oxygen taken up is much larger than expected. The 
volume of carbon dioxide produced was not determined in this experiment 
but in other experiments it is found to be a little greater than the volume of 
oxygen consumed. The respiration rate is thus greatly stimulated by the 
addition of hydroxylamine but this stimulation does not appear to tbe asso- 
ciated with the normal incorporation of nitrogen into cell substance as it 
is with the other nitrogen sources. Analysis of the medium shows that the 
added hydroxylamine has disappeared when the respiration rate has slowed 
down and the cells show an increase of soluble organic nitrogen. These results 
could be explained if low concentrations of hydroxylamine partially uncouple 
synthesis from respiration like 2,4-dinitrophenol. Willis and Yemm (1955) 
found that hydroxylamine stimulated the oxygen uptake of nitrogen starved 
barley roots but this initial stimulation was followed by a decrease of the 
rate to below the control level. However, their concentration of hydroxyl- 
amine was three times that used in these experiments with Chlorella. 


Summary 


The rapid assimilation of small quantities of ammonium, nitrite and 
nitrate-N by nitrogen-starved cells of Chlorella vulgaris is accompanied by 
high rates of gas exchange. When all the added nitrogen has been assimilated 
the rates of gas exchange return to the control values. The total volume of 
oxygen taken up during the period of nitrogen assimilation is about the same 
whichever nitrogen source is added but the rate is highest with ammonium-N 
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and lowest with nitrate-N. On the other hand, the rate of carbon dioxide 
production is much the same whichever salt is added but the total volume 


of carbon dioxide produced is greatest when nitrate-N is added and least 
with ammonium-N. 


The quantities of oxygen absorbed and carbon dioxide produced agree 
with those expected if ammonium, nitrite and nitrate-N are all assimilated 


to the same final products and if carbohydrate is the carbon source in the 
cells. 


A high respiration rate also follows the addition of hydroxylamine but 
the gas exchange differs markedly from that expected if hydroxylamine 
were assimilated to the same products as the other nitrogen sources. 


The respiration determinations were made with a Warburg apparatus purchased 
with a grant from the Dixon Fund of the University of London. 
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Introduction 


A knowledge of the paths of air movement available in a leaf is of im- 
portance for the study of leaves as organs of transpiration as well as for 
investigations involving airflow porometers, Darwin and Pertz (1911), Gre- 
gory and Pearse (1934), Heath and Russell (1951), Knight (1915). Porometer 
results may be affected by changes in the airspace system of leaves, brought 
about by changes in the leaf water content, even when stomatal conduc- 
tivities remain constant (Meidner 1955). Two simple instruments will be 
described, both of which were designed to test qualitatively for paths of 
airflow in leaves when small pressure differences were maintained between 
the outside and the inside of a leaf. 


The three main paths of air movement in leaves 


1. Air may move more or less directly from one epidermis to the other via 
stomata in a vertical direction through the mesophyll; this is the case in 
some amphistomatous leaves. 

2. Air may move into the leaf via stomata in one epidermal area, then 
laterally through the mesophyll between the two epidermes and out of the 
leaf via stomata situated in an adjoining area of epidermis; this is the case 
with some hypostomatous leaves. 

3. Air may move both by paths 1 and 2 described above; this is the case 
with some amphistomatous leaves. 


[930] 
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Figure 1. The leaf membrane chamber in 
plan and section. 


— Chamber 

— Groove for Washers 

— Air inlet Vent 

—— Attachment Tube for Suction 
— Observation Window 

— Syringe 

— Spring Steel Clip 


OmmMOaAW Se 


Apparatus 


A. The Leaf Membrane Chamber 


Construction. The design of the instrument is shown in diagram in Figure 1. 
The chamber was constructed from perspex sheets 5.0 mm. thick. The micro- 
scope cover glass E served as observation window. The spring steel clamp G 
held together the two parts forming the chamber. The radius of the circular 
chamber A was 7.5 mm. It could be filled with water by means of the 
syringe F. The width of groove B, concentric with the wall of the chamber, 
was 2.5 mm. and its radii were 11.0 mm. and 13.5 mm. In the lower portion 
of the chamber two kinds of gelatine or latex washers could be used. If a 
ring washer was used the air inlet hole C remained open and if a plate washer 
was used the air inlet hole C was closed. 

Method of use. A leaf to be tested was placed between the washers of the 
chamber, which was then closed by means of the spring steel clamp and filled 
with water from syringe F. Either a porometer or a gentle suction pump was 
connected to the air outlet tube D. During a test the leaf membrane chamber 
had to be held with the air outlet tube D pointing diagonally upwa.ds so 
that the stream of bubbles escaping from the leaf could be observed as it 
passed through the water. 

By using two ring washers in the leaf membrane chamber and applying 
vaseline to the portion of the leaf which remained outside the chamber, 
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path 1 was tested for. If the plate washer was used in the lower portion of 
the chamber, path 2 was tested for, provided the part of the leaf which 
remained outside the chamber remained free of vaseline. If both paths 1 
and 2 were available in a leaf it was possible to judge which was the main 
path for air movement by comparing the streams of bubbles during the two 
separate tests. 

Leaves to be tested in the leaf membrane chamber must have their stomata 
open, a condition easily ascertained with the aid of a porometer. 


B. The Double Bore Porometer 


Construction. The instrument is shown in diagram in Figure 2. It con- 
sisted of the attachment clamp C fitted to the double bore capillary tube A. 
The attachment clamp C consisted of the perspex jaws H and the spring steel 
clip E. The upper jaw of the clamp had two parallel and vertical holes, 
whereas the lower jaw had, besides two holes corresponding to those in the 
upper jaw, the single diagonally placed air inlet vent F which was closed by 
the washer for use with amphistomatous leaves but left open by the special 
washer for use with hypostomatous leaves. 

The two mercury columns M' and M''descended in the capillary bores, but 
did not spill on account of the small size orifices of the air escape vents 
D'and D", 

The gelatine washers used were of several kinds depending on the nature 
of the leaves to be tested: — 

For amphistomatous leaves a lower circular plate washer with two small 
holes was used as shown in Fig. 2a. The two holes in the washer were cut 
diagonally and their entrances were either 1.0 mm. or 0.5 mm. apart. This 
washer closed the air inlet hole F in the lower portion of the clamp. The 
upper washer had only one eccentrically placed hole which fitted immediately 
above one of the holes in the lower washer. To insure proper registration of 
the washers two guide keys B' and B'' were provided for each washer. 

For hypostomatous leaves an upper »blind» washer without any hole and 
a specially shaped lower washer were used as shown in Fig. 2b. These 
washers insured that the only tested air movement within the leaf was across 
the strip of tissue either 1.0 mm. or 0.5 mm. wide. 

Method of Use. The two mercury columns M' and M' were raised to the 
top of the capillary tubes by applying a rubber bulb at vents D' and D" or 
simply by inverting the instrument. 

After the leaf to be investigated was placed between the washers, the 
descent of the mercury columns was timed with a stop watch. (As a double 
bore stop-cock was not available for fitting at the top of the capillary tubes, 
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Figure 2. The double bore porometer in sec- 
tion. 


A — Double Bore Capillary Tube 


B', B'' — Guide Keys for Washers 
C — Attachment Clamp 
Di Di =— Air Escape Vents 


E — Steel Clip 

F — Air Inlet Vent 

M', M''! — Mercury Columns 

G — Washers for use with amphistomatous 
leaves 


Figure 2a. Upper and lower washer in plan 
and section for use with amphistomatous 
leaves. The dotted lines represent possible 
paths of air movement. 


Figure 2b. Upper and lower washer in plan 
and section for use with hypostomatous leaves. 
The dotted lines represent possible paths of 
air movement. 


the mercury was prevented from descending until required, by holding a 
pad of gelatine against the two escape vents D' and D''.) 

With a leaf which did not allow for lateral air movement, only one of the 
mercury columns descended while the other remained stationary. With a leaf 
which put the two capillary tubes of the double bore porometer into com- 
munication via the mesophyll air space system, both mercury columns M' 
and M' descended. From the rates of descent, if not equal, a measure was 
obtained of the degree of air movement in the lateral direction across a strip 
of tissue 1.0 mm. or 0.5 mm. wide. 

In the case of hypostomatous leaves the mercury column M' descended at 
its maximum rate because it was in direct communication with the atmo- 
sphere, whereas column M'' descended at a rate which depended on the con- 
ductivity of the stomata and on the resistance offered by the strip of tissue 
1.0 mm. or 0.5 mm. wide. 

The use of the double bore porometer gave more detailed information 
than the leaf membrane chamber; because in the latter the limiting factor 
was the width of the gelatine washer, which could not be narrowed down 
to less than 2.5 mm., whereas in the double bore porometer the distance 
between the entrance holes to the two capillary bores could be as little as 


0.5 mm. 
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Table 1. Habitat, thickness, stomatal numbers, stomatal pore areas per square millimeter 
and mesophyll resistance of six hypostomatous leaves. 


r 
Total Stoma- 


Resistance of 
mesophyll tissue 
in Gregory and 

Pearse units. 


Species Habitat 


Leaf Thick- 
ness I 
Stomatal 
Number pe 
mm.? 
tal Pore Area 
per mm.? 12 


Psychotria capensis ...| Deep shade 362 160 1120 0.6— 0.8 
Scolopia mundi ...... shade 322 170 2040 1.6— 2.5 
Canthium spinosum...| shade 255 230 3200 7.0—12.0 
| Mangifera indica...... open veld 244 500 3500 above 60.0 
| no lateral airmovement 
Dalbergia obovata ...| sunny forest margin 222 | 200 3600 above 60.0 
| no lateral airmovement 
Chaetacme aristata ...| open veld 310 400 4000 above 60.0 
| no lateral airmovement 


Results 


With the instruments described, supplemented by anatomical studies, the 
leaf of Erythrina caffra was found to be constructed in such a way that air 
movement took place only in the vertical direction i.e. through air spaces 
which were »capped» with stomata, either at one or both ends. The resistance 
offered to lateral movement of air was practically infinite. 

Neger’s (1918) description of leaves composed of small islets of mesophyll 
which appeared »hermetisch gegeneinander abgeschlossen» seemed applicable 
in this case. The results also indicated one of the physiological implications 
of Wylie’s (1952) observations on bundle sheath extensions in leaves of 
dicotyledons. 

Also some hypostomatous leaves investigated with the two instruments 
were found not to allow for lateral movement of air over distances of 0.5 mm. 
From the data in Table 1 it appears that there exists a relationship between 
the habitat, the total stomatal pore area per square millimeter, and the degree 
of continuity of the air space system of leaves. The latter was measured 


quantitatively by a method described by Meidner (1955) and is expressed as 
the resistance of the mesophyll tissue. 


Summary and Conclusions 


Two instruments have been described with which it is possible to assess 
qualitatively the paths of air movement available in a leaf. Results have been 
obtained with several leaves which indicate that the air space systems are 
not continuous in all leaves and that the degree of continuity of the air space 
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system appears to be related to the total stomatal pore area per square milli- 
meter as well as to the habitat of a plant. 
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Introduction 


The techniques of paper partition chromatography and paper electro- 
phoresis for the study of genetically different tissues have recently found 
application in the field of genetic studies. They have proven to be valuable 


tools for the detection of genotypic differences in otherwise morphologically 
identical tissues. 


The use of paper chromatography for the detection of genic changes, was in- 
troduced by Hadorn and Mitchell (1951). The technique has been used with success 
by Buzzati-Traverso (1953) for the detection of single gene differences in strains 
of Drosophila melanogaster and in plants. 

Paper electrophoresis is the migration of substances on the surface of paper under 
the influence of an applied electrical potential. Haugaard and Kroner (1948) first 
reported the use of the technique for the separation of the amino acids. The separa- 
tion of enzymes by this method has been reported by Mills and Smith (1951). They 
were able to resolve glucuronidase, the phosphatases and esterases. Reid (1950), 
was able to resolve polygalacturonase and amylase into two components, and the 
fungal amylases into four via these techniques of paper partition. 
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These methods should prove of considerable interest in the detection of 
differences between enzymes having the same properties and functions in 
different species. The techniques seemed to hold promise for the resolution of 
the phosphorylating enzymes of wild-type and variant, or mutant strains of 
organisms. 

With this in mind, it was decided to attempt an electrophoretic-chromato- 
graphic study of these enzymes in normal and low-temperature variant 
Oscillatoria princeps. 

The enzymes involved in polyglucoside synthesis have been investigated 
in this blue-green alga, and their properties delineated in a series of papers 
by Fredrick (1951, 1952, 1953, 1954, 1955), and Fredrick and Mulligan 
(1955). It was found that two distinct enzymes were involved in the synthesis 
of polyglucoside from glucose-1-phosphate: a phosphorylase which synthe- 
sized a-1:4 linkages between glucosidic residues, and a branching enzyme 
which caused the synthesis of a-1:6 linkages, and hence, was responsible 
for branching in the sugar. 

Particular attention was devoted to the study of these enzymes in a variant 
strain of Oscillatoria princeps, induced by the growth of cultures of normal 
Oscillatoria at low temperatures (Fredrick 1952, 1953). In this variant, the 
polyglucoside produced showed evidence of less branching than found in 
normal Oscillatoria sugar. 

Fredrick (1954) reported the identity of the enzymes from normal and 
variant Oscillatoria princeps, as far as physical constants were concerned. 
The similarity in chemical action was reported in a recent paper (Fredrick 
and Mulligan 1955). As a result of these previous studies, a hypothesis was 
formulated that the difference in polyglucosides of these two strains, was 
due to a decrease in absolute concentration of branching enzyme in the 
variant form, which gave rise to a »lag» in the establishment of a-1 : 6 linkages 
and made for the synthesis of a relatively unbranched, amylose-like poly- 
glucoside (Fredrick 1955). 

Since no differences in the properties of the enzymes in normal and low- 
temperature variant strains of this alga were detected, it was decided to 
attempt a differentiation by means of paper partition techniques. This study 
combined the techniques of paper partition chromatography and paper 
electrophoresis. 


Experimental 


I. Preparation of Enzymes 


A crude extract with sodium bicarbonate was prepared from cultures of normal 
Oscillatoria princeps and from low temperature cultures of this alga, as described 
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(Fredrick 1951, 1952). These extracts were then subjected to electrophoresis, 0.05 ml. 
of extract being used for each chromatogram. 

Each crude extract was purified by fractional precipitation with ammonium sul- 
fate (Fredrick 1954). The purified enzyme mixtures were also subjected to electro- 
phoretic study. 

Isolation of the phosphorylase and the branching enzyme in the purified mix- 
tures described above was accomplished by reprecipitation from 0.1 saturated ammo- 
nium sulfate solution (Fredrick and Mulligan 1955). Electrophoretic patterns were 
determined on each purified enzyme, and later compared. 


II. Electrophoretic Method 


Paper electrophoresis was carried out on 21 cm.X3 cm. strips of Whatman No. 1 
filter paper. The strips were impregnated with a solution containing 1.4 per cent 
sodium bicarbonate and 0.1 per cent manganese sulfate, dried in a warm air current 
and spotted with the enzyme solutions. All runs were made on two parallel strips 
sandwiched between plate glass coated with silicone grease to minimize capillary 
effects. The ends of the strips dipped over into two glass vessels containing the 
buffer-salt mixture with which the strips had been impregnated. A simple full-wave 
rectifier supplied the difference in potential via carbon electrodes in each vessel. 
A schematic diagram of this rectifier is shown in Figure 1. 

Separations were accomplished at a potential of 4 volts/cm. and 4 milliamperes 
for 12 hours. The pH of the buffer-salt was 6.8, and the temperature was 23° Centi- 
grade. 

Detection of the materials on the finished strips was accomplished by immersing 
the dried strip in a solution of 0.05 per cent bromphenol blue in 0.5 per cent sulfuric 
acid at 55° C. for 3—5 minutes. The strip was then washed in warm water for one 
minute and dried in a hot air current. 


III. Detection of Enzymes 


Two parallel strips were run at one time. One strip was stained and used as a map. 
The areas were marked off by means of a soft wax pencil on the unstained strip. 
Each marked area was then cut out and eluted with cold sodium bicarbonate- 
manganese sulfate buffer at pH 7.2. The resulting fractions were tested for enzyme 
activity on a buffered substrate of glucose-1-phosphate (Fredrick 1951). The iodine 
color of the polyglucoside produced was taken as a qualitative indication of the 
presence or absence of the enzymes (Fredrick 1951, 1952). 


IV. Quantitative Differentiations 


In one experiment, care was taken in the preparation of crude sodium bicarbonate 
extracts of normal and low-temperature Oscillatoria princeps. Volumes of extracting 
solutions were kept as constant as possible, as was the time of extraction, etc. The 
extracts were spotted on the filter paper, at a distance of approximatelv 8 cm. from 
the cathode end of the strip. After running for 12 hours at a potential of 4 v./cm 
and 4 m.a., the paper was dried in a warm air current for 30 minutes. Parallel es 
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Figure 1. Schematic diagram of the circuit of the full-wave rectifier used in the electro- 
phoresis set-up. The transformer is a 270—0—270 volts, 120 m.a. type. The vacuum tube is 
a 5U4. The rheostat is a 10,000 ohms, 50 watt, ohmite type. 


of normal extract and low-temperature extract were run off at the same time, under 
the most identical of conditions. 

The strips were then immersed for exactly 5 minutes in a dye bath of 0.03 per 
cent Naphthalene Black 12B.200 in methanol containing 10 per cent acetic acid. 
The strips were washed in methanol containing 1 per cent mercuric chloride for 
2 minutes. The second wash was in methanol alone for 3 minutes. The strips were 
dried in warm air currents for 30 minutes. Each zone which had exhibited en- 
zymatic activity in the third part of this study was cut out so that the distance 
from the center of these zones to the blank edge surrounding the zones was con- 
stant. The cut-out zones were extracted with a solution of 50 per cent methanol 
containing 4 per cent sodium carbonate. Each extract was then read on a Coleman 
Spectrophotometer at 595 mu. Differences in the readings were taken as indicative 
of differences in the concentration of the enzyme proteins. This method had been 
used successfully by Flynn and de Mayo (1951) for the determination of the blood 
globulins. 


Results 


It was found that crude extracts of Oscillatoria princeps separated into five 
zones in the normal strain (N), and into six zones in the low-temperature 
variants (LTV). This can be seen in Figure 2. 

The over-all patterns of both N and LTV crude extracts were remarkably 
the same except for the zone of slow-moving protein exhibited by the LTV 
extracts. The zones, the distance migrated in 12 hours, and the rates of migra- 
tion are summarized in Table 1. 

In purified preparations, obtained by fractionation with 0.8 saturated am- 
monium sulfate, the patterns for N and LTV fractions were identical. As can 
be seen in Figure 3, the zone apparent in the LTV crude extract (Zone II) 
does not appear in purified preparations of LTV material. It is interesting 
to note that samples eluted from this chromatogram still gave rise to the 
synthesis of a less-branched polyglucoside than those eluted from N chro- 


matograms. 
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Figure 2. Electrophoretic-chromatogram of crude extracts of N and LTV Oscillatoria prin- 
ceps. (a) N, (b) LTV. Note the presence of Zone II in b which is not present 
in a. Otherwise, the over-all pattern is about the same. (See text for explanation). 

Figure 3. Electrophoretic-chromatograms of purified enzyme mixtures from (a) N and 
(b) LTV Oscillatoria. These chromatograms are identical. 

Figure 4. Electrophoretic-chromatograms of enzymes from N and LTV Oscillatoria. 
(a) Branching enzyme from N; (b) Branching enzyme from LTV; (c) Phos- 
phorylase from N; (d) Phosphorylase from LTV. (See text for the methods). 


Pure preparations of the enzymes from N and LTV extracts were obtained 
as described by fractionation and reprecipitation from 0.1 saturated ammo- 
nium sulfate. The electrophoretic patterns of each of these enzymes are 
shown in Figure 4. In all cases the patterns are remarkably identical. 

Activity studies showed that of the five and six zones defined in the 


Table 1. Rate of Migration of Zones in Extracts from Normal and Variant Cultures of 
Oscillatoria princeps Under the Influence of 4 v./cm. and 4 m.a. for 12 hours at pH 6.8.1 


SS 


vat Distance Migrated (Total cm.) Rate of Migration (em./hr.) | 
Normal | Variant Normal Lens Variant 

l ese ht = = 

Il an 0.5 x. 0.04 

lll 3.2 4.0 0.26 0.33 

IV | 7.3 7.6 0.60 | 0.63 

V 11.0 11.2 0.90 | 0.93 

VI 17.1 18.2 1.42 | 1.51 


1 Averages of 12 determinations. 
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Table 2. Phosphorylating Enzyme Activity of the Various Zones Separated by Electro- 
phoresis of Crude, Purified Extracts, and Purified Enzyme Preparations. 
RE EE eee SE 


Z | Rat i i 
er AcHelty ones ate of Migration (em./hr.) | 
Normal | Variant Normal Variant 
CRUDE EXTRACT J P-lase HI II 0.26 0.33 | 
à pe ER IV IV 0.60 0.63 | 
PURIFIED EXTR. (0.8 sat. ammo-| P-lase Ill Ill 0.25 0.23 | 
nium sulfate fractions) ......... B.E. IV IV 0.69 0.68 | 
| PURIFIED ENZYME (reprecipita-| P-lase III II 0.22 0.23 | 
tion 0.1 sat. ammon. sulfate).... BE. | IV IV 0.59 0.62 | 


! Zone numbers correspond to the locations shown in Figure 2. P-lase is phosphorylase; 
B. E. is branching enzyme. 


patterns of N and LTV strains in the crude extract, only two zones (Zones 
III and IV) exhibited phosphorylating and branching action. Zone III showed 
exclusively phosphorylase action, a blue iodine-staining polyglucoside being 
formed from buffered glucose-1-phosphate substrates. Zone IV exhibited 
branching enzyme activity. A branched sugar, which gave a reddish-violet 
color with iodine was formed by the fraction eluted from this zone. Table 2 
shows a summary of the results of activity studies in the two zones men- 
tioned in the crude extract, purified mixture, and pure enzymes preparations. 

Measurement of the optical density of the eluted zones after staining with 
Naphthalene Black showed that, in the case of Zones III, no detectable dif- 
ferences were observed between N and LTV extracts. Hence, it appears that 
the concentration of phosphorylase is approximately the same in both strains 
of this alga. 

Zone IV of N strains exhibited a greater concentration of the dye than 
Zone IV of LTV strains. The differences observed in optical density of the 
resulting elutions were significant. It would appear from these studies, that 
branching enzyme is present in greater concentration in N strains of Oscilla- 
toria princeps than in LTV strains of this alga. However, it must be borne in 
mind that the crudeness of the method allows only a limited interpretation 
of the results from these studies. The results are by no means conclusive, 


only indicative. 


Discussion 


The physical constants (Michaelis-Menten, pH optima, etc.) of the en- 
zymes involved in polyglucoside synthesis in N and LTV strains of Oscilla- 
toria princeps, have been shown to be identical (Fredrick 1954). The che- 
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mical action of the branching enzymes derived from N and LTV strains of 
this alga, has also been shown to be the same (Fredrick and Mulligan 1955). 
No detectable structural differences or differences in mode of action have 
been observed which would serve to explain the synthesis of a less-branched 
polyglucoside by LTV strains of this plant. 

Electrophoretic studies emphasized the similarity of the enzymes in both 
strains. As can be seen from Figures 2—4, and from Table 2, the enzymes, 
their rates of migration, etc. are remarkably identical in both N and TV. 
strains. The only difference apparent in the chromatograms (cf. Figure 2) 
is the presence of a slow-moving protein in the LTV extract which is not 
present in the N extract. However, it was subsequently proven that this zone 
had no influence on the actual polyglucoside synthesized by this alga. So, 
that while the presence of this zone in LTV chromatograms does serve as 
a distinguishing feature of LTV strains, it has no bearing on the immediate 
problem of the polyglucoside synthesized by LTV strains of Oscillatoria 
princeps. 

It had been hypothesized, that the synthesis of a less-branched polyglu- 
coside by LTV strains was due to a decrease in absolute concentration of 
branching enzyme in these strains of the alga. No clear-cut proof of this 
hypothesis has yet been presented. Cases are known in other organisms 
where a decrease in the activity of an enzyme or a group of enzymes has 
been observed as a mechanism of biochemical evolution giving rise to mutants 
from wild-type organisms. In yeast, for example, Ephrussi and Hottinguer 
have shown that the inheritance of a cytoplasm character is connected with 
a loss of respiratory enzymes (1951). The difference in the cellulolytic power 
(a complex enzyme function) in Collybia velutipes between wild-type and 
mutant strains, has been effectively demonstrated by Aschan and Norkrans 
(1953). 

The studies of eluted, Naphthalene Black-dyed fractions of Zones IV in N 
and LTV chromatograms, indicated that a difference in concentration of 
branching enzyme in these two strains of this blue-green alga was present. 
These results were only indicative of such a difference. Further work is con- 
templated along these lines, however. 

Assuming that there is indeed, a difference in the concentration of branch- 
ing enzyme in these two strains, then the validity of the original hypothesis 
(Fredrick 1952, 1953) could be established. The loss of branching enzyme 
by the LTV strain explains the difference in the type of sugar synthesized 
by this strain as compared to N Oscillatoria princeps. Hence, the morpho- 
logical differences (Fredrick 1953), the chemical differences reported (Fred- 
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rick 1953 b), and the enzymatic differences, can be resolved with a genetic 
difference. It is possible that this may be a path-way for the evolution of new 
species in this blue-green alga. 


Conclusions 


Electrophoretic-chromatographic patterns of enzyme extracts of N and 
LTV Oscillatoria princeps show a remarkable similarity. The only difference 
observed was the presence of a slow-moving protein fraction in the LTV 
strain which was absent from the N strain. This fraction proved to have no 
function in the synthesis of polyglucosides by this alga. 


The rates of migration of the phosphorylases and the branching enzymes 
of these two strains were identical. No differences were apparent in the 
chromatographic patterns. 


A greater concentration of branching enzyme in N strains was noted. This 
indicated that a possible explanation was feasible for the differences in poly- 
glucosides synthesized by these two strains. 


The hypothesis is offered that biochemical evolution proceeds in this alga 
by a progressive decrease in the absolute concentration of branching enzyme. 


The authors wish to thank Mr. William Littenberg of the Reeves Instrument Com- 
pany, Reac Division, for his design of the rectifying circuit, and Dr. O. S. Margolis 
of the American Academy for his interest. 
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1 Introduction 


Van Norman and Brown in 1952 published the results of some admirable 
experiments with the green alga Chlorella according to which CO, is assi- 
milated at a rate 2 per cent lower than "?CO,, but CO, at a rate 14 per cent 
lower than '?CO,. The statement about CO, was in perfect agreement both 
with previous investigations (3 per cent according to Nier and Gulbransen 
1939) and with what is theoretically to be expected. The statement about 
1400, agrees well with the only previous measurements of #CO, discrimina- 
tion by Weigl and coworkers 1949, 1951, although these measurements were 
criticized by van Norman and Brown. Theoretically, however, the assimila- 
tion rate of 14CO,, as compared with the rates of CO, and #CO,, seems 
rather astonishing. A discrimination of CO, against CO, of about 4 per 
cent, the double value of that for !?CO,, would have seemed more likely. 

If the discrimination mentioned is to be measured it is necessary to know 
whether respiration and photosynthesis are going on independently of each 
other. In order to investigate this, experiments were made by van Norman 
and Brown using oxygen tracers and a recording mass-spectograph. No 
influence of light was found on the rate of respiration as measured by the 
uptake of 80, from the outside medium. These results were considered a 
proof that respiration and photosynthesis are going on independently of 
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each other although the two, authors mention that because O,-uptake and 
O,-release are independent in light this must not necessarily be the same 
for CO:. 

The scientists working with radiocarbon dating have presented first class 
measurements of the specific activity of !#C in recent wood. Unfortunately 
we have no reliable measurements of the specific activity of “C in the 
atmospheric air and presumably it is too late now to make such determina- 
tions because of the experiments with H-bombs. 

In freshwater some few determinations of the *4C-content in the sübmerged 
plants as compared with the content in the CO,-system of the water has been 
made by Deevey et al. 1954. They seem to indicate that that “C-discrimina- 
tion in photosynthesis under natural static conditions in water is only slight. 


In the present article the high discrimination apparently found in the 
experiments made by van Norman and Brown will be recomputed. It will 
further be shown that the photosynthetic and the respiratory mechanisms 
do not work independently of each other although the O,-metabolism 
apparently indicates this to be so. 

When describing the !*C-method for measuring organic productivity in 
the sea — Steemann Nielsen 1952 — it was already rendered probable that 
CO,-uptake by photosynthesis and CO,-release by respiration do not take 
independently of each other. It was therefore pointed out that the C-method 
cannot be used for measuring the rate of photosynthesis at low light inten- 
sities where the rate of respiration is the same or lower as the rate of photo- 
synthesis. 


An example may be mentioned. In an experiment with Chlorella pyre- 
noidosa the same rate of photosynthesis (gross production) was found at 
7,000 lux when using either the C-method or an oxygen method (Winkler 
analyses) if the photosynthetic quotient was put at 1.2. At 300 lux, which 
was just below the compensation point, the #C-method, however, gave a 
value (gross production) which was only 31 per cent of the value obtained 
by using the oxygen method. If the rate of respiration is higher than the rate 
of photosynthesis, the intermixing of the two processes has thus a consider- 
able influence on the measurements of photosynthesis with the 14C technique. 

At high light intensities a correction for the measurements of gross pro- 
duction by the “C-method was introduced corresponding with 40 per cent 
of the rate of respiration and thus about 4 per cent of the maximum rate of 
photosynthesis which normally was found to be about 10 times the rate of 


respiration. As will be shown below, the correction should rather be put at 
6 per cent. 
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2. Experiments on the Release by Respiration of CO, 
Previously Assimilated 


One of the easiest ways of investigating the intermixing of CO,-release due 
to respiration and CO,-uptake due to photosynthesis seems to be by measuring 
in the light and in the dark the release of !C previously assimilated. If 
according to van Norman and Brown’s measurements with oxygen tracers 
it is a priori assumed that the rate of respiration is the same in the light 
and in the dark, any decrease in the release of 14C must be due to some inter- 
action either between CO,-uptake and CO,-release or between respiration and 
photosynthesis. The real reason for such an interaction may, however, be 
searched for in several instances, such as: 

1. A preferable assimilation inside the cells of CO, produced by respira- 
tion. CO, from the outside is to diffuse into the cells before being assimilated 
by the photosynthetic apparatus, whereas such a diffusing is not necessary 
for respiratory CO, produced inside the cell. 

2. A preferable use for respiration of organic matter just produced by 
photosynthesis. 

3. An intermixing of respiration and photosynthesis due to joint pools of 
intermediates in the two processes. 

4. O,-consumption as measured according to the uptake of tracer oxygen 
in light is not due exclusively to oxidation of hydrogen produced during the 
decomposition of organic matter but also in an appreciable extent to oxida- 
tion of hydrogen produced from water during the photochemical partial 
processes in photosynthesis. 

5. The mechanism of respiration differs in the light and in the dark. 

6. The carboxylation in photosynthesis may demand HCO,~ which also 
may be released in respiration instead of CO,. In spite of carbonic anhydrase 
the process CO,+H,0 Z H,CO, is not momentary. A preferable uptake of 
CO,(HCO,~) produced by respiration could therefore be expected. 

Of these 6 possibilities the first will in the present article be shown not to 
be the normal cause of the intermixing of CO,-release and CO,-uptake in 
light. According to work done by Calvin’s group in Berkeley (cp. e.g. Calvin 
and Massini 1952) it seems further unlikely that organic matter just pro- 
duced by photosynthesis is preferably used for respiration or that joint pools 
of intermediates are of decisive importance in this respect. 

One of the main experiments will now be described. Cells from a 3 days 
old fast-growing culture of Chlorella pyrenoidosa (Warburg strain) were 
transferred to a medium, pH 8.2, containing a total amount of “CO, in the 
medium corresponding to 7.5X105 counts per minute. After 2 hours al 
8,000 lux 20° C., during which period about*25 per cent of the “C was 
assimilated, the algae were centrifuged.in the dark and washed twice with 
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Figure 1. The release of pre- 
viously assimilated CO» in the 
light and in the dark. Chlorella. 
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a bicarbonate buffer containing 0.03 per cent free CO,. The algae were then 
transferred to a fresh medium and kept in the dark at 20° C. for 1 1/2 hours 
before the experiments proper were started. 

One of the reasons why these experiments were not started at once was 
that CO, found in the cells due to previous dark fixation during the first 
hour in the dark to a high degree interchanged with the normal CO, in the 
outside medium, as no '?CO, was present in the outside medium. As the loss 
of tracer due to this process at the beginning may be as high or even higher 
than the loss due to respiration, some time must elapse before the influence 
of light on the “CO, produced by respiration can be investigated. 

Another reason for not starting the experiments immediately after the 
uptake of tracer carbon is finished, is that the rate of respiration in the dark 
for some time after a change in pH may be rather different from the normal: 
one. Such a change is necessary in some special experiments. In light, on the 
other hand, transitory differences in the metabolism of Chlorella due to a 
shift in pH seem to be of very short duration only (Steemann Nielsen 1955). 
This complication can of course be totally avoided by making the whole 
experiment at the same pH. As this, however, was not the case in the pre- 
liminary experiment concerning the influence of light on the release of 
previously assimilated C published by Steemann Nielsen 1953, no stress can 
be laid on the absolute value given there, although the result in principle 
agrees very well with the results of later experiments. 

After the 1 '/2 hours mentioned the Chlorella suspension was centrifuged, 
washed, and centrifuged again. The cells were then suspended in 100 ml of 
the medium and distributed to 2 bottles with glass stoppers each containing 
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Figure 2. The release of previously assimilated CO: in the light and in the dark. 
Myriophyllum. 


50 ml, one of which was put in the dark and one in the light of about 
8,000 lux. 

After about 1 hour, 3 and 5 hours, 10 ml of each bottle were filtered through 
a millipore filter. The activity of the *CO, in the filtrate was determined 
according to Steemann Nielsen 1952: the CO, was precipitated as BaCO;. 

In Figure 1 the !CO,-release in the light and in the dark is given during 
the times indicated as per cent released by hour of the amount found in the 
algae at the start of the proper experiments. In light from 3.3 to 1.8 per cent 
per hour was released, in dark from 1.3 to 0.6 per cent. It is thus seen that 
tracer-carbon during the whole experiment was given off in the light at a 
rate of 33—40 per cent of the rate in the dark. During the five hours the 
release of 14CO., both in the light and in the dark, decreased by about 50 
per cent. 

In order to investigate whether the different behaviour of the #CO, pro- 
duction in light and dark should be caused by a preferable assimilation in 
photosynthesis of interior CO, produced by respiration, some similar experi- 
ments lasting for about 1 1/2 hours were made at a concentration of free CO, 
150 times as high as in the experiment presented in Figure 1 (4.5 per cent). 
The light intensity was so low (500 lux) that the rate of photosynthesis just 
equalled the rate of respiration. A similar difference between the release of 
14CQ, in light and dark was, however, found. In one experiment about 50 
per cent of the CO, given off in the dark was given off in the light in 
another at about 30 per cent, in a third at about 50 per cent. No preferable 
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uptake in respiration of interiorly produced oxygen was found in the light 
by van Norman and Brown. The idea of preferable uptake of respiratory 
CO, due to diffusion may thus be rejected as being the main cause of the 
different rate of CO, released in the light and in the dark. 

Other plant species seem to behave like Chlorella. In Figure 2 is thus shown 
a series of experiments at 20° C. with a submerged specimen of the phanero- 
gamic aquatic Myriophyllum amphibium from a river on Cape Cod, Mass., U.S.A. 
After photosynthesis in a medium containing ‘CO, for 2 hours, during which 
time 25 per cent of the tracer was assimilated, the plant was washed in the 
dark in water without “CO, for 70 minutes. It was subsequently placed 
alternately in the light (8,000 lux) and in the dark for 35 minute periods. 
The concentration of free CO, was 0.6 per cent, pH about 5. No “C was 
originally found in the carbon-dioxide system of the water. 

The plant specimen was fastened to a perforated celluloid plate inside: a 
closed cuvette, which was placed on a rotating disc in a water bath. As the 
plate was shorter than the cuvette, an effective stirring was produced inside 
the cuvette (about details cp. Steemann Nielsen 1942). The release of “CO, 
during the experiment was measured in the same way as in the Chlorella 
experiments. 4CO, was given off in the light at a rate of about 40 per cent 
of the rate in the dark. 


If all experiments are taken as a whole, it can be stated that in light only 
from 30—50 per cent of the labelled CO, given off due to the respiration in 
the dark is released in the light. An average of 60 per cent of the respiratory 
CO, is thus in light identical with CO, taking part in photosynthesis. The 
background of this behaviour is most likely to be found in one of the three 
possibilities stated as Nos. 4—6 on p. 947 or there may be still another reason. 


If the rate of respiration is 10 per cent of the rate of photosynthesis which 
is normally found at a high light intensity, the rate of photosynthesis (real 
assimilation) as measured through the assimilation of the tracer carbon is 


10 X60 : 
100 — 100 — 94 per cent of the real value. A correction must therefore be 


made if the “C-technique is used for measuring gross production. The cor- 
rection 6 (6.4) per cent (4 per cent according to Steemann Nielsen 1952) is 
of course only correct if the rate of respiration is 10 per cent of the rate of 
photosynthesis at the high light intensity at which the measurements are 
made. If the rate of respiration is 20 per cent the correction for the measure- 
ments made with the C technique should be 14 per cent. When the standard 
correction 6 per cent is used in this case the computed photosynthesis rate is 
8 per cent too low. If the rate of respiration is 1/4 of the rate of photosynthesis 
at a high light intensity (an extreme quotient which in plankton algae in 


INTERACTION OF PHOTOSYNTHESIS AND RESPIRATION 951 


nature only on rare occasions will be approached, see Steemann Nielsen and 
Al Kholy in press) the measurements by the !#C-technique corrected in the 
standard way are 13 per cent too low. 


3. “C-Discrimination in Photosynthesis 


As mentioned in the introduction, CO, according to van Norman and 
Brown 1952 is assimilated during photosynthesis at a rate 14 per cent lower 
than '?CO,, whereas CO, is only assimilated at a rate 2 per cent lower. 
The measurements were made with the use of a recording mass spectrograph. 
They are of a technically very high standard. 

It must, however, be mentioned that in these experimenis the discrimina- 
tion of '?C was measured under static conditions, the 1C-discrimination 
under kinetic conditions. 1?CO, was first introduced into the Chlorella culture 
at the start of the experiment, whereas no enrichment was done of CO, 
relative to !?CO,. In measuring 1%C-discrimination it is therefore neither 
necessary to take any dark uptake into account nor to consider any possible 
interaction between photosynthesis and respiration. Both circumstances have 
to be considered when dealing with CO,. 

Let us first consider the dark uptake of CO,. Van Norman and Brown 
supposed that the uptake of CO, due to isotope interchange was the same 
during the first 35 minutes in light as during the previous 35 minutes in the 
dark and they made their correction according to this supposition. This is 
not, however, correct. 

Figure 3 shows a typical curve illustrating the dependence of dark inter- 
change of CO, on time. During the first 35 minutes the rate is at least twice 
the rate during the subsequent 35 minutes. For some reason or other the dark 
interchange of CO, was extremely high in van Norman and Brown’s experi- 
ment — about 5 times as high as normally found in a first class culture of 
Chlorella. It is therefore of real importance for the determination of the 
isotope discrimination if the correction made is twice the correction really 
to be done. If the authors had used the correct correction, #4C-discrimination 
would in this way have been 10 instead of 14 per cent. A value of 10 per cent 
must, however, still be considered too high. 

The interaction of photosynthesis and respiration shown in section 2 is the 
other important factor to be considered if a recalculation of the “C-discrimi- 
nation in photosynthesis on the basis of van Norman and Brown’s data has 
to be made. The rate of respiration was about 8 per cent of the rate of photo- 
synthesis (total assimilation) according to Fig. 3 in the article mentioned. 
If it is assumed that 60 per cent of the respiratory CO, is identical with CO, 
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assimilated during photosynthesis this means that only 100-6 9» per 


cent of CO, is assimilated. In stead of being 10 per cent the “C-discrimina- 
tion in photosynthesis is thus only about 5 per cent. This value is theoretically 
in perfect agreement with the value for !?C as measured by van Norman and 
Brown, and by Nier and Gulbransen. It is also in good agreement with 
Deevey’s measurements regarding specific activity of "*C in the CO, of lake 
water and in the submerged plants from the same locality. 


Summary 


Although oxygen metabolism shows no interaction of photosynthesis and 
respiration, CO, metabolism shows such an interaction amounting to about 
50—70 per cent of the respiratory rate. 


It is shown that the main cause of the interaction is not found in a pre- 
ferable assimilation of respiratory CO, due to the shorter distance for dif- 
fusion as compared with CO, from the outside medium. Instead some other 
possible explanations of the fact are presented. 


The “C-discrimination in photosynthesis is recalculated on the basis of the 
measurements by van Norman and Brown 1952. Besides taking the inter- 
action of photosynthesis and respiration into account, it is at the same time 
necessary to recalculate the influence of isotopic interchange independent of 
photosynthesis. The authors mentioned supposed the dark assimilation of 
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1400, to be constant during the first 70 minutes. This is not, however, correct. 
Taking all evidence into account the discrimination of 4C as compared with 
2C is about 5 per cent. 
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Introduction 


A large number of studies on the permeability of the protoplasm of plant 
cells and tissues has been made with plasmolytic methods of different kinds. 
Most of the methods include microscopic investigations, especially when it 
is a question of estimating the changes in the shape of the protoplast and 
factors connected with it. Such determinations involve a great deal of labour 
as many cells must be studied separately in order to obtain statistically 
reliable values. In determinations of these kinds changes often occur in the 
concentration of the plasmolyticum during the study under the microscope. 
Further, for microscopic investigations very thin slices of the material must 
be used. It has been shown by many authors that the permeability is strongly 
influenced by cutting and other acts of interference on the living tissue, (cf. 
Lepeschkin, 1938). Thus, in such cases one always runs the risk of getting 
wound effects and different permeability values as compared to those of 
cells in natural surroundings. 

With the method which will be described here, most of the difficulties, 
here mentioned, are greatly reduced as, on the one hand, microscopic in- 
vestigation is not required; on the other hand, considerably larger amounts 
of tissue can be employed without changing the accuracy of the determination. 


Principle of the Method 


A rod of any kind of solid material which is fastened at one end and made 
to vibrate will keep on vibrating for a short time with a constant frequency 
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which is characteristic for the rod in question, for instance a tuning fork. 
If the rod is straight without any obvious geometric irregularities, the vibra- 
tions of fundamental frequency are predominant. But even vibrations of 
higher harmonics can be found. The vibrations of the first, second and 
higher harmonics are especially evident if the vibrating body is geometrically 
irregular. These frequencies with which the body can vibrate on its own are 
usually called its resonance frequencies. As long as the physical conditions as 
rigidity and mass of the body are unaltered, its resonance frequencies are 
constant. Any change in the mechanical properties will, however, cause an 
alteration in these frequencies. 

The body can be forced to vibrate with other frequencies by applying an 
external oscillating force. Considerably more energy has to be administered, 
however, in order to maintain the vibrations at a certain amplitude as com- 
pared to that which is required when the body vibrates with its own resonance 
frequencies. This can be illustrated with a piece of steel wire fastened at one 
end and placed in front of an electromagnet. If the magnet is fed with 
alternating current of varying frequency from an oscillator, the wire will 
vibrate violently only when the A.C. frequency fed to the electromagnet is 
the same as the resonance frequency of the wire. A.C. frequencies even very 
close to the resonance frequency of the steel wire will have only a very small 
effect — if the damping of the wire is not too great. By this method it is 
thus possible to determine the resonance frequencies of solid bodies (cf. 
Barkhausen, 1940). 

The same principle can now be applied for the determination of the rigidity 
of plant tissues and can be used for the estimation of turgor and factors 
connected with water relations of the cell. If the tissue under investigation 
is provided with a little piece of thin steel at the free end, it will behave 
in front of an electromagnet as the steel wire mentioned above. As the 
rigidity of the plant tissue and, to a much smaller extent, even the mass in 
- contradiction to that of the steel wire is very easily altered by changing, for 
instance, the water content, these changes can be measured by determining 
the resonance frequency. A schematic outline of the arrangement for such 
determination can be seen in Figure 1. 

As the living tissue has a complicated geometry, frequencies of higher 
harmonics often occur. In one determination it is therefore necessary to 
make sure that one is always studying the changes of one and the same 
frequency when altering the external conditions. If the different resonance 
frequencies are close to each other it is, namely, easy to make the mistake 
of »jumping» over to another harmonics. Before measurements are per- 
formed it is advisable to investigate a wide range of frequencies to find out 
where the different resonances are located. The resonance frequencies depend 
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Figure 1. Schematic view of the apparatus used for 
turgor measurements. I. The arrangement seen from 
above. II. From the side. The plant tissue (O) to be 
investigated is fastened in a glass tube (S) and placed 
in a glass cuvet (C) with stopper. Around the tip of the 
tissue a piece of thin de-tempered steel (M) is bent. At 
one side of the cuvet the pole of an electromagnet (E) 
is placed facing the steel plate on the tissue. The tissue 
can be observed through a low power horizontal micro- 
scope (Mi). In order to facilitate observations, an electric 
lamp (L) is placed behind the cuvet. The electromagnet 
used for the experiments described in this paper had a 
resistance of 600 ohms. Electromagnets from common 
ring bells can be used, but more powerful ones work 
better. The alternating current of varying periodicity 
was supplied from a laboratory oscillator of common 


type. 


on, among other factors, the shape, length and thickness of the investigated 
material. The author has found that the best results will be obtained if the 
main frequency lies around 70—80 cycles per second. For a piece of potato 
tuber parenchyma, 1X1 mm in cross section and fully turgescent, this will 
mean a length of about 10 mm. 

For the fastening of the piece to be investigated, it is difficult to give any 
definite advice as the material is so variable. It may be mentioned for a 
guidance that roots and thick homogeneous material as pieces of potato 
tuber parenchyma and similar material can easily be fastened by pushing 
the tissue up in glass tubes of corresponding innner diameters. Leaves and 
thin material are best fastened in between two glass slides. In the choice of 
magnetic material for application at the plant tissue, very thin steel, 0.025 mm 
in thickness, as used in the automobile industry for measuring purposes, is 
suitable. Before use, however, it should be de-tempered. It will then become 
very pliable. The size of the piece required varies, but for tissues mentioned 
in the foregoing pieces 1X2 mm were appropriate. 


Some Applications of the Method 


1. Determination of osmotic value of the cell sap. — Three examples of 
the possibilities of determining of the osmotic value of the cell sap will be 
given here. 

A tissue, immersed in a hypertonic solution, will gradually lose its water 
until equilibrium is reached. In connection with this water loss, the turgor 
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and wall pressure will decrease. As this happens the rigidity of the whole 
tissue decreases. This decrease will continue as long as the protoplast is 
pressed against the cell wall membrane. When incipient plasmolysis occurs 
further water loss will have no effect on the rigidity. Only if considerable 
amounts of water are sucked out from the micellar system of the cellulose 
membrane, changes in the rigidity may occur even after plasmolysis. 

The changes in the rigidity of a wheat root when immersed in solutions of 
saccharose of varying concentrations are seen in Figure 2. Before the re- 
sonance frequency was measured, the tissue was left in the solution for ten 
minutes, which is time enough for the tissue to come into equilibrium with 
the solution when changes in concentrations are as small as in this case 
(0.025 M). From the Figure it can be seen that as the concentration of the 
surrounding medium increases, the rigidity of the root decreases until a 
certain value for the concentration is reached, in this case between 0.275 M 
and 0.300 M. At higher concentrations no or very slight decrease can be 
seen. As the different cell layers in a wheat root differ in osmotic value, one 
can assume that the value which determines the place for the sudden bend 
of the curve into a straight line is that of the cell layer having the highest 
osmotic value for the cell sap. The fact that this change occurs so suddenly, 
as seen in the Figure, when the concentration of the solution is increased, 
suggests that there is only a small spread in osmotic values within the layer. 
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If the same measurements are performed on a small piece of parenchyma 
from potato tubers a curve will be obtained, which is shown in Figure 3. 
Principally the same shape of the curve is obtained except for a softer bending 
of the curve. It can be assumed that such a small piece of tissue as is used 
for these experiments is quite homogeneous and we do not have to count 
with different cell layers with distinct differences as to permeability and 
diffusion pressure deficit. The soft bending of the curve probably depends 
only on a certain spread of the osmotic values of the single cells. This is 
quite probable as the equilibrium starch — sugar in potato tuber cells can 
be easily shifted. 

The method of determining the osmotic value by this method can be 
applied even to leaves or pieces of leaves. In Figure 4 are shown the values 
obtained with a small leaf of Helodea densa. In this case a small leaf was 
taken and the very tip thereof was covered with a little piece of steel 
(1x1 mm). Small pieces of a single leaf can also be investigated. This is 
especially important as the physiologie anatomy, for instance the osmotic 
value, may vary from one part to another (Meindl, 1934; Moder, 19.2), 
causing a spread of the values obtained. 

2. Determination of cell permeability. — In the previous section it was 
shown how the changes in turgor could be measured after the concentration 
of the surrounding medium had been changed. It is, of course, also possible 
to measure the change in rigidity of the tissue with time when immersed 
in an osmotically active solution. From the moment the tissue is placed in 
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the solution until osmotic equilibrium is obtained the rigidity of the tissue 
will gradually decrease. The speed of this decrease, i.e. the slope of the curve 
for the rigidity vs. time, will then be a measure of the permeability to the 
solvent provided the protoplasmic membranes are ideally semipermeable. As 
the permeability of the cellulose membrane to water and most soluble sub- 
stances is assumed to be unlimited (exceptions, cf. Horié, 1954), any change 
in the slope of the curve will be a measure of the protoplasmic permeability 
to the solvent. Also the permeability to solutes can be determined in this 
manner. In Figure 5, curve No. 1, is shown the time course for the water 
movement from a thin slice of potato tuber parenchyma, which is immersed 
in 0.3 M solution of mannitol after having previously been kept in distilled 
water for 30 minutes. After about 30 minutes in the solution equilibrium is 
reached and the curve becomes parallel to the x-axis. If the mannitol solution 
is exchanged for distilled water, we get the time course represented by curve 
No. 2. The same exchange of solutions can be repeated several times and it 
is interesting to see the great reproducibility of the experiments. This makes 
it possible to determine even very small changes in the slope of the curves. 
It is obvious from the Figure that tbe first permeability curves differ from 
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Figure 5. Time course of water movement out from and into a piece of potato tuber paren- 
chyma when placed alternatingly in mannitol solutions and distilled water. 


those obtained later on. The difference indicates that the permeability to 
water of the protoplasm is smaller in the first treatment with osmotically 
active substances as compared to the values obtained later when the same 
experiment is repeated. This finding is a good confirmation of the frequently 
expressed assumption that the outer protoplasmic boundary layer — the 
plasmalemma — is very much affected by the plasmolyticum which may 
also cause irreversible changes in the plasmatic system. This effect will be 
particularly evident if the concentration is high enough to cause plasmolysis. 


The reproducibility of the determinations suggest that the method could 
be used for estimation of even comparatively small changes in the proto- 
plasmic permeability. An example of such a determination is given in 
Figure 6. Here a piece of potato tuber parenchyma has been treated with 
mannitol and distilled water until a reproducible permeability curve has been 
obtained according to the experiments represented in Figure 5. The tissue 
has then been immersed in an osmotically isotonic solution which is 
6.5 X10~® M in respect to p-chlorophenoxyisobutyric acid (PCIB). This sub- 
stance is known in these concentration to act as an antiauxin on the growth of 
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Figure 6. Time course of water movement out from a piece of potato tuber parenchyma, 
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wheat roots (Burström, 1950). As mannitol is known as having no physio- 
logical effect on plant protoplasm (Burstrôm, 1953) and does not permeate 
through the plasma membranes, any change in the slope of the curves must 
be due to a decrease in the permeability of the protoplasm to water. It is 
evident from the curves that one of the effects of PCIB consists in a lowering 
of the permeability to water of the protoplasm. That auxins and antiauxins 
have strong effects on the protoplasmic permeability to urea and other small 
molecules has been shown by several authors (cf. Masuda, 1955). This method 
of determination of the action of chemical substances opens up new possi- 
bilities for making rapid estimations. The fact that the same piece of material 
can be used for a long period of time suggests the possibility that several 
series of experiments can be performed without changing the experimental 


object. 


962 HEMMING I. VIRGIN 


The slope of the curve for the turgor changes, when a tissue is immersed 
in an osmotically active solution, depends on in addition to the permeability 
also the speed of the diffusion of the solution through the tissue. This is a 
factor which must be considered in a quantitative treatment of the curves 
as the thickness of the material often amounts to around one millimeter. 
The possibilities of determining the relationship between the slopes of the 
curves and the thickness of the material will be discussed in a future paper. 


Summary 


A method is described by means of which the turgor of plant tissues can 
be measured. The method can be used for determination of factors con- 
nected with water relations within the tissue as osmotic value and perme- 
ability. 

The method is based upon the fact that a solid body which is caused to 
vibrate oscillates with a constant frequency characteristic for the body 
(resonance frequency). This frequency can be determined by determination 
of the frequency at which resonance phenomena occur. Any change in 
rigidity or mass of the body will change its resonance frequency. 

A few examples of applications are given showing that equally or more 
accurate determinations are obtained with this method than with other 
methods. 


The author is indebted to Dr. Vannevar Bush for suggesting the method and to 
Dr. Hellmuth Hertz for valuable discussions. 
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Introduction 


It can now be considered well established that light under certain circum- 
stances is an indispensable factor for nitrate assimilation in plants, e.g. the 
reduction of nitrate and the linkage of the product to a suitable carbon com- 
pound, while this process in other cases can take place in complete darkness. 
Our knowledge about the mechanism of these reactions is in many essential 
aspects still very restricted, however. This is especially true of the light- 
dependent nitrate reduction. Warburg and Negelein (1920) thought that light 
acted through increasing the permeability for nitrate and the same opinion 
was held by Tottingham, Stephens, and Lease (1934). Lease and Tottingham 
(1935) assumed the light effect (at least the effect of shorter wave lengths) 
to be dependent on increased formation of chlorophyll and consequently 
better supply of carbohydrates, while Dittrich (1930) ascribed an important 
role to the increased transpiration and salt transport. 

The simplest explanation would be that light via photosynthesis supplies 
the necessary carbohydrates for respiration and that during this latter process 
the needed quantities of energy and carbon compounds are liberated. Such 
a linkage of nitrate assimilation to respiration is normal in all plants or parts 
of plants that possess the ability to reduce nitrate in darkness. Experiments 


1 Present address: Institute of Plant Physiology, Royal Agricultural College, Uppsala 7. 
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by Burström (1943) with detached wheat leaves nevertheless indicate that 
such an explanation cannot be correct. His results show on one hand that the 
light effect is more directly linked up with photosynthesis and on the other 
that it is not the supply of carbohydrates, necessary for respiration, that in 
itself acts as a limiting factor on nitrate assimilation. Leaves, that have a 
high content of sugars, are not able to reduce nitrate in darkness and even 
if they are placed in light, nitrate assimilation is very low if the carbon 
dioxide content of the surrounding air has a reduced value. 

In recent years a more direct effect of light on nitrate reduction has 
repeatedly been proposed. Especially van Niels general formulation of 
photosynthesis: 


(1) co,+2H,4 1485" (CH,0] +H,0+24 


has stimulated several investigators to assume analogous reactions for nitrate 
assimilation. Nitrate has then been considered as an alternative hydrogen 
acceptor to carbon dioxide (Rabinowitch 1945, van Niel, Allen and Wright 
1953). The same lines of thought are the basis of another formulation of 
nitrate assimilation by Evans and Nason (1953). They were able to show 
that nitrate was reduced to nitrite when »grana» from leaves of soybean 
plants were irradiated in the presence of triphosphopyridine nucleotide (TPN) 
and nitrate reductase. According to them the first step in the light reaction 
is the formation of reduced triphosphopyridine nucleotide (TPNH) as pro- 
posed by Vishniac and Ochoa (1952), followed by the reduction of nitrate 
through the reduced coenzyme. The following system was believed to be 
working: 


Light+ grana 
EEE Ce 


(2) H,0+TPN+ 1/2 0, + TPNH+H+ 


nitrate reductase 


(3) TPNH+H*t+NO,- NO, + TPN*+H,0 

In the complete reduction of nitrate a more complicated scheme must be 
assumed. Thus it has been shown by Kessler (1955) that in green algae the 
reaction NO," > NO,” is not affected at all by dinitrophenol (DNP), while 
the further reduction of nitrite is completely inhibited by this agent. Probably 
adenosinetriphosphate (ATP) is participating in the latter case and the 
possibility at once suggests itself that this compound can be generated in two 
ways, either through respiration in‘ darkness or through photosynthetic phos- 
phorylation (Arnon, Allen and Whatley 1954) in light. The light effect on 
nitrate reduction may thus be a rather complicated one. 

The present paper does not deal with the problem from this purely bio- 
chemical point of view but from a more physiological one. The starting point 
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consists partly of Burströms demonstration of the linkage of nitrate reduc- 
tion to photosynthesis and partly of the papers of Tottingham et al. (1928, 
1934, 1935). These latter workers claim to have shown that the shorter wave 
lengths of light have a much stronger effect on nitrate assimilation than the 
longer ones. This statement seems to be inconsistent with Burströms results, 
at all events if one assumes the light to act only via photosynthesis. One way 
to solve this problem may be to determine simultaneously the action spectrum 
for both carbon dioxide and nitrate assimilation, and the present investigation 
is an attempt in this direction. 


Methods 


General remarks 


The object of the investigation was to compare the carbon dioxide- and nitrate 
assimilation for a number of different wave length regions in the visible spectrum 
in order to find out, if there is any direct connection between these processes in 
respect to their light dependence. The results of Burström speak in favour of such 
a possibility, while the experiments by Tottingham ei al. rather point in the opposite 
direction. In irradiation experiments with wheat plants these workers were able to 
show that by adding a small amount (4 per cent) of short-wave light from a carbon 
arc lamp with the largest increment of light intensity in the region between 3100 
and 4000 Ä, but a still quite substantial one between 4000 and 5000 À, to the radia- 
tion from a tungsten incandescent lamp, nitrate assimilation (or rather absorption 
from the nutrient medium) could be raised by up to 68 per cent. No similar effect 
of short-wave light on photosynthesis is known. 

Experiments were conducted at a restricted number of wave length regions from 
different parts of the visible spectrum. In addition experiments were done in white 
light from a incandescent lamp and in darkness. Usually every experiment was 
repeated six times. 

From the beginning the intention was to perform all experiments at one single 
light intensity, viz. 22800 erg/cm?. sec. As certain filters aged considerably and as 
the output of the mercury lamp, used for generating blue light, decreased con- 
tinously, the desired high value could not always be obtained. Later on this rather 
proved to be an advantage as it was possible at least for some wave lengths to get 
curves showing the dependence of assimilation on light intensity. 


Plant material and cultivation 


Wheat plants from a pure line, Svalöfs Progress, were generally used except for 
some homogeneity tests. The seeds which were treated with a sublimate-formaldehyde 
solution (0.1 per cent of each), were soaked in tap water for 24 hours at 25. Cand 
then germinated on moist filter paper in large Petri dishes. After 48 hours in a 
dark-room at 25° C, as uniform plants as possible were selected and planted on small 
plexiglass disks, 17 plants on each. Four of these disks were put into a 1-liter glass 
beaker containing the following nutrient solution: 
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Table 1. Nitrate and chlorophyll content in different parts of wheat leaves during varied 

growing conditions. NOs=nitrate concentration in mmol/g fresh-weight. Chl.=chlorophyll 

concentration in mg/g fresh-weight. Segment 1=tip, segment 6—base. Length of segment 
20 mm. 


a 


NO, | Chl 


6 
NO, | Chl 


4 
NO, | Chl 


SEQMENEV sense 1 2 3 
Substance determined |NO, | Chl | NO, | Chl NO, | Chl 


Var. »Progress». 20° C |0.085| 2.16 |0.113) — (0.118) 1.67 |0.133) 1.58 |0.145) 1.41 0.142| 1.04 
Incandescent lamp 
Var. »Eroica». 20° C ...|0.076| 2.12 |0.101| 1.78 /0.107| 1.30 |0.111| 1.27 |0.124| 1.15 |0.124) 0.75- 
Incandescent lamp 


Var. »Eroica». 25° C ...|0.029| 2.76 |0.056| 2.65 |0.078| 2.28 |0.082| 2.02 |0.090| 1.73 |0.102) 1.28 
Fluorescent lamp 


KNO, 1/500 mol, Ca(NO,), 1/250 mol, KH,PO, 3/1000 mol, Na,HPO, 1/1000 mol, 
MgSO, 1/1000 mol, MnSO, 1/50000 mol, Fe-citrate 1/50000 mol, ZnSO, 1/200000 
mol, H,BO, 1/200000 mol and (NH,),Mo,0,, 1/500000 mol. pH=about 6.3. 

The beakers were placed in a photothermostate with 4 fluorescent lamps (Philips 
»Daylight», 100 W) and were allowed to remain there for 6 days at 25° C. Light 
was switched on between 5.00 a.m. and 9.00 p.m. The nutrient solution, which was 
changed after 4 days, was well aerated. 


Homogeneity 


An indispensable condition for the use of the experimental methods described 
below was the availability of an extremely homogenous plant material. Such a 
material at first proved to be rather difficult to obtain despite the fact, that all 
external factors, including air moisture, were held constant during cultivation. The 
reason was that the nitrate content in different parts of the wheat leaf shows a great 
variation. As appears from table 1 the nitrate concentration is lowest at the tip of 
the leaf and then rises continously to the base, while the chlorophyll concentration 
behaves in the opposite way. It therefore proved necessary to use exactly the same 
part of the leaves. In all subsequent experiments a 55 mm long section was used, its 
cut ends being situated 18 resp. 73 mm from the tip. 14 sections were included in 
every experiment and table 2 shows that the degree of homogeneity in such a 
selected material was quite satisfactory. 


Sugar content 


To make sure that sufficient amounts of substrate for respiration were present 
in the leaves at the beginning of the experiments, reducing and not reducing sugars 
were determined in several cases. The analyses were performed according to the 
method of Philipsson (1943). Reducing sugar was expressed as mmol glucose/g 
freshweight, non-reducing sugar as mmol sucrose/g freshweight. Table 3 shows the 
results from 4 analyses. 


Apparently the hexose concentration was very constant during the first three 
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Table 2. Homogeneity test. Nitrate content in samples of wheat leaves taken from the 
same culture. Values expressed as mmol NO3/g fresh-weight. 


Culture 
D ts à | II | III 
Sample 

i 0.137 0.121 0.130 

2 0.138 0.119 0.130 

3 0.137 0.120 0.132 | 


tests, while the concentration of sucrose varied considerably more. This tallies well 
with earlier results by Jones (1936) and Burström (1943) and obviously means that 
sucrose mainly serves as reserve material. As long as there are appreciable amounts 
of sucrose left, any shortage of respiration material is consequently not likely to 
occur, and not until sucrose is almost entirely consumed the immediate respiration 
substrate, i.g. the hexoses, begins to decrease. This is clearly shown by the last 
column of table 3, where the results of an analysis of plants, that have been held 
in darkness for 22 hours, are represented. 


Arrangement of apparatus 


Detached wheat leaves were placed in an assimilation chamber and irradiated 
with light of different wave lengths. Air with a known content of carbon dioxide 
‚was led through the chamber, after which the air was analysed for remaining carbon 
dioxide and the intensity of photosynthesis was calculated. The intensity of nitrate 
assimilation was obtained by determining the nitrate content in the leaves after 
finishing the experiment and comparing it with the content in a parallel sample, 
taken at the starting moment. 

Two dark-rooms were available for the experiments. One of them was exclusively 
used for the light installations, including a heat absorption cuvette, while the other 
contained the rest of the apparatus. The light from the lamp in the former room 
could be sent into the latter through a hole in the wall between the two rooms. 
Appropriate light filters could be inserted in the light beam by means of a filter- 
holder just in front of the hole. The arrangement of the complete apparatus is 
schematically shown in figure 1. 

The entire room to the left of the wall was temperature-regulated and held at a 
constant temperature of 24° C. Air with normal CO,-content (c:a 0.04 vol®/) was 


Table 3. Sugar content of wheat leaves. Samples 1—3 are taken immediately before an 
irradiation experiment, sample 4 after 22 hours in darkness. The concentration is expressed 
as mmol/g fresh-weight. 


LL 
| ; | 
Se 1 2 3 | 4 | 
| | | 
ER a 0.0115 0.0100 | 0.0104 0.009 | 
re UN CNE 0.0098 0.0094 0.0028 0.0011 | 
| 0.0213 0.0194 0.0132 0.0060 
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Figure 1. Arrangement of the experiments. Explanation is given in the text. The com- 
ponents are not drawn to scale. 


kept in a steel cylinder (a) and from there led via a pressure regulator (AGA-TRAF- 
100) (b), a flowmeter (Rotameter type 100) (c) and a humidification device (glass 
tube filled with wetted earthenware pieces) (d) to the assimilation chamber (e). 
From the latter the air passed a drying apparatus (gas wash-bottle with conc. 
sulfuric acid) ({) and finally entered a carbon dioxide analyser (URAS from 
Badische Anilin und Sodafabrik) (g). For setting the zero, nitrogen gas from another 
steel cylinder (h) was used. The gas was led through a gas wash-bottle with alkali (i) 
into the assimilation chamber and from there to the analyser. The light-source (j) 
was either a tungsten incandescent lamp (Luma projector type B, all filaments in 
one plane, 3000 W) together with a concave mirror (k) or a water-cooled super 
high pressure mercury lamp (Philips SP 500 W, directed radiation). In order to 
eliminate the heat radiation from the light-sources a 12 em thick layer of running 
tap water (l) was inserted between these and the assimilation chamber. The remaining 
heat radiation was reflected by the colour filters or, if white light was used, by a 
Nife heat absorption filter and a Calflex heat reflexion filter. The colour filters (m), 
which were of the interference type, were mounted on a holder (n) in front of the 
hole in the wall. The holder, too, was cooled with running water. 


Assimilation chamber 


The construction of the chamber is illustrated by figure 2. It was made entirely 
by Perspex glass except for the removable front side, which consisted of 3 mm 


7 ia 
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tasse mm mr, 


SEX Se DES SERRE a 
TES LS 
ARAMA ARTA EATERS UR ERERER AEM 


Figure 2. The assimilation chamber. Scale 1: 2. 


thick mirror glass. At the upper part of the chamber a thermometer was fixed in 
such a way that the bulb came just behind the assimilating leaves. Furthermore 
there were two hooks supporting a simple frame of music-wire. To this frame the 
leaves were attached with three thin rubber strings. The air was conducted into the 
chamber from below through a manifold with 10 holes and out of it through a 
single tube at its top. Smoke tests showed that the air stream became uniformly 
dispersed in this way. 14 leaves were chosen for every experiment and were attached 
to the frame side by side. The basal part of each leave dipped into a few mm of 
water at the bottom of the chamber and therefore the area, exposed to the light, 
was a sqare with 50 mm long edges. Sample tests showed only neglectible diffusion 
of nitrate from the leaves to the small amount of water at the bottom of the chamber. 


Colour filters 


The choice of filters constituted a rather difficult problem, as on one side a highly 
monochromatic light was desired, but on the other side a sufficiently high intensity 
had to be obtained. Commercial interference filters, which are the best ones from 
the first point of view, usually have so narrow bands that the second condition 
in most cases cannot be fullfilled. Fortunately there was an opportunity to take over 
a number of interference filters with extra wide bands. These filters were manu- 
factured by cand. mag. A. Hermansen at the Physical Laboratory, Royal Vet. and 
Agr. College, Copenhagen. For the experiments 5 filters avere used with their optical 
centres at 4300, 4700, 5200, 6150 and 6550 A respectively. Other characteristics of 
the filters may be evident from figure 3. 


Measurement of light intensity 


All intensities are expressed in absolute units, i.e. erg/cm?. sec. The radiation was 
measured with a Kipp & Zonen vacuum thermocouple type D 1 together with a 
Multiflex mirror galvanometer MG 3. The instrument was calibrated for the different 
wave. length regions by placing the thermocouple together with the corresponding 
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Figure 3. Spectral transmission curves of the interference colour filters. The data have 
been obtained by means of a Beckman spectrophotometer. 


colour filter and a Calflex heat reflexion filter on a certain distance from a tungsten 
ribbon lamp with known emission in the different wave length regions (Hansson 
1951), measuring the absorbed energy and comparing it with the emitted one, 
calculated from the data of the lamp. The thermocouple proved to be equally sensi- 
tive over the whole visible region. 

The measurements in connection with the assimilation experiments were per- 
formed with the thermocouple mounted on the place of the assimilation chamber 
with the junction in the plane of the leaves and the front glass plate inserted in the 
light beam. The desired light intensity was achieved by moving the thermocouple 
to an appropriate distance from the lamp. 


Determination of nitrate 


The concentration of nitrate in the wheat leaves was determined by means of a 
procedure, consisting of a combination of the methods of Burström (1942) and 
Jones and Underdown (1953). The principle of the analysis is that the nitrate is 
extracted and adsorbed on an anion exchanger, after which it is eluated and the 
concentration determined colorimetrically according to the phenoldisulphonic acid 
method. In detail the analysis is performed as described below. 

About 0.5 g fresh material is cut to small pieces, ground in a mortar and boiled 
slowly for 10 min. with 40 ml distilled water. After cooling, 0.5 ml 89 per cent 
H,PO, is added and the volume made up to 50.00 ml with distilled water in a 
volumetric flask. The mixture is then filtered and 40.00 ml of the filtrate is allowed 
to flow through an anion exchanger (Amberlite IR-4B, 15X1 cm) at a rate of 
1 drop in 2 sec. The ion exchanger must be in the hydroxy-form, which is generated 
by treating with 4 per cent NaOH. Organic substances and cations are washed out 
with 100 ml distilled water, whereupon the anions are eluated with 25 ml 4 per cent 
NaOH. The ion exchanger is thus automatically prepared for the next sample. It 
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Figure 4. Initial and final recordings of the URAS-carbon dioxide analyser during an 
experiment with white light. Explanation of the symbols is given in the text. 


is finally rinsed with 50 ml distilled water and the water is combined with the 
eluate. A small amount of activated charcoal (Supra-Norit or something alike) is 
added in order to absorb the yellow substances that are formed during the eluation 
and which have a disturbing effect on the following colorimetric determination. No 
adsorption of nitrate to the charcoal could be observed. After standing over night 
in a refrigerator the sample was filtered and distilled water added to 100.00 ml. 
3.00—15.00 ml (depending on nitrate conc.) of the filtrate are evaporated in a small 
glass dish on a water bath. The evaporation does not require any supervision as 
neither sugars nor hydrogen peroxide are present. Larger amounts of chloride in 
the sample have to be removed in some way, i.g. by precipitating with silver 
sulphate. After evaporating, 2 ml of phenoldisulphonic acid are added and the 
mixture is allowed to stand for 10 min. It is then transferred to a 50 ml volumetric 
flask diluted with 25 ml distilled water added in small portions. Finally 15 ml 
25 per cent NH, are added, the flask is cooled in cold water and filled up to the 
mark with distilled water. The intensity of the colour is determined with a suitable 
instrument, i.g. a Klett-Summerson photoelectric colorimeter. Accuracy about 
Leper cent, 


Determination of carbon dioxide 


The carbon dioxide uptake of the wheat leaves was registered continuously during 
the whole experiment by means of an URAS-carbon dioxide analyser. A detailed 
description of the construction and use of this instrument can be found in the works 
of Egle and Ernst (1949), Huber (1950), Strugger and Baumeister (1951), Egle and 
Schenk (1951, 1952) and Baumeister (1952). Every 30 sec. a Hartmann & Braun 
automatic recorder registered the deviation of a galvanometer, coupled to the ana- 
lyser. The paper in the recorder was graduated from 0—5 mV with 50 scale lines 
in all so that 1 mV approximately corresponded to 0.01 vol®/o CO,. It was possible 
to read 1/4 scale line and consequently the reading accuracy was 1/40 mV or about 
0.00025 vol®/o CO,. As the air in the cylinder had a carbon dioxide content of 0.04 
vol°/o, changes les than 1 per cent of the initial concentration could be detected. 
The analyser was calibrated by simultaneous determination of the carbon dioxide 
content in the air with a gravimetric method. A known volume of air was allowed 
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to stream through an absorption vessel, filled with Ascarite+Dehydrite (Mg-per- 


chlorate). 

In figure 4 a paper strip from the recorder is reproduced, showing the initial 
and final stages from an experiment with white light. Actually the strip was much 
longer, but the central part has been excluded for practical reasons. The apparatus 
was set to zero by conducting carbon dioxide-free nitrogen gas through it (a). 
Thereupon air from the cylinder was allowed to flow through the instrument for 
half an hour in order to adjust it for a reading, corresponding to the carbon dioxide 
content of the air (b). The experiment then was started by connecting the assimila- 
tion chamber with the air conduct from the cylinder (c). After 22 hours the 
experiment was finished by switching off the lamp (d), whereupon the leaves had 
to remain in darkness for 15 min., during which time the dark-respiration was 
determined (e). The leaves were then removed and the instrument again checked 
with air from the cylinder (f) and with nitrogen (g). 

The carbon dioxide assimilation was calculated in the following way. From the 
curve the decrease of carbon dioxide concentration was obtained. As this value 
corresponds to the apparent assimilation, it was necessary to add the value of 
respiration in order to get the real assimilation. The question, if respiration in light 
is of the same magnitude as in darkness, has for long time been an unanswered one, 
but recent experiments on Chlorella by Brown (1953) with isotopically enriched 
oxygen. strongly indicate that at least in this material there is no difference. It has 
been thought reasonably fair to assume that the same conditions prevail also for 
wheat leaves. 


Respiration in darkness has to be determined before and after the experiment. 
The numerical value of respiration before the experiment proved, however, to be so 
low, that no significant differences could be obtained between them. A standard 
value therefore could be used all the time. Respiration after the experiment on the 
contrary varied considerably, probably depending on more or less strong formation 
of assimilates. It is also evident from the figure that immediately after switching 
off the lamp there was a strong extra production of carbon dioxide, which only 
lasted for a few minutes. The carbon dioxide concentration then again fell slightly 
and stabilized at a constant level, yet somewhat higher than at the beginning of 
the experiment. This extra-CO, production has been observed by earlier workers, 
i.g. van der Veen (1949). The cause is not known with certainty, anyhow, there is 
no reason to suspect any after-effect of a presumptive light-respiration. The values 
for respiration before and after the experiment were connected with a straight line 
and from this line as a basis the changes in carbon dioxide content, i.e. the real 
assimilation, were computed for every 30 minutes. Finally also the mean value for 
the assimilation during the whole experiment was determined. 


Chlorophyll determination 


The chlorophyll was extracted with boiling ethyl alcohol. The solution then was 
made up to a known value by the same solvent and the transmission determined 
with a Beckman spectrophotometer at 6550 A. For a rough estimation of the chloro- 
phyll-a the extinction coefficient was set to 6.6X 104. The quotient chlorophyll-a/ 
chlorophyll-b was assumed to be 2.5. | 
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Results and Discussion 


Carbon dioxide assimilation 


_ The influence of wave length on the light reactions of photosynthesis has 
been investigated many times, but not until the last decennia reliable, quan- 
titative results have been presented. Reviews of more important works on 
this subject have been written by i.a. Gabrielsen (1940) and Rabinowitch 
(1951). 


According to Einsteins law of photochemical equivalency a given number of light 
quanta, absorbed by a certain pigment, should always produce the same photo- 
chemical effect, irrespective of the wave length of the light. In the case of photo- 
synthesis one would therefore expect to get equal assimilation in the different wave 
length regions, provided only that the light intensities were measured in absolute 
units and adjusted to the same number of quanta. This, however, proved not to be 
true. There are several reasons for this phenomenon. Thus the degree of absorp- 
tion varies with the wave length of light, and besides, it is very difficult to determine 
the real absorption in the pigments accurately, owing to useless absorption in cell- 
walls, different degree of reflexion etc. Furthermore there often are several pigments 
in the photosynthesizing organ, which may compete or act as optical screens and 
finally the quantum requirement may not be equal for all wave lengths. If the 
photosynthetic yields for the same number of quanta are represented as a function 
of wave length, one thus obtains a curve, the so called action spectrum, and not a 
straight line. This curve may, depending on the experimental arrangement, more or 
less parallel the corresponding absorption curve of the photosynthesizing organ. 
The parallelism may be very close for thin organs and with low light intensities, 
but will be leveled out to a considerable extent if the organ is thick or the intensity 
high. (For further discussions on this subject see Rabinowitch 1951). 

The paper of Emerson and Lewis (1943) affords a good illustration. on this point. 
By irradiating a thin Chlorella suspension with light of different wave lengths, they 
got an action spectrum that was very similar to the absorption spectrum except in 
the region between 4000 and 5000 A, where the efficiency was somewhat too low. 
The curve had two peaks and the minimum efficiency was obtained at 5400 A. If 
they used a thick suspension, the absorption was total for all wave lengths, but the 
quantum yield nevertheless had a very definite minimum at 4900 A. Emerson and 
Lewis explained this decrease in the blue region by assuming that carotinoids had 
absorbed a certain proportion of the incident light. Calculations, based on the 
absorption spectrum of the carotinoids showed, however, that this proportion was 
not entirely inactive in photosynthesis, but its efficiency was reduced to about 50 per 
cent. The study of the course of the action curve can thus give valuable information 
on the occurrence, and sometimes of the quantitative aspects, of different pigments 
in the investigated system. 


The results from the present investigation can be represented in two ways. 
Either the mean values of the carbon dioxide assimilation, as calculated 
every 30 min., are stated as in figure 5, or the maximal values (or rather 
the means of the 5 highest values) are chosen and curves as in figure 6 are 
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Figure 5. Mean values of carbon dioxide assimilation at different wave lengths and light 
intensities. 


obtained. The corresponding curves seem very alike, yet they are not quite 
identical as the assimilation rate did not remain constant in all wave length 
regions. The curves in figure 5 are to be used in comparisons with nitrate 
assimilation, the ones in figure 6 in an analysis of the photosynthetic process. 
As already mentioned before, these curves may only be regarded as approxi- 
mative ones, and this is particularly the case with those for 6150 and 6550 Ä. 
The shape of the curves seems to be in very good agreement with the results 
of Gabrielsen (1940) with Sinapis, according to which the maximal assimila- 
tion for all wave lengths (including white light) asympotically approaches 
one and the same value. 

As shown in table 4, the assimilation, especially in the red region, did not 
remain constant but decreased gradually during the course of an experiment, 
while no such observation could be made in blue and in white light. The 
reason for this decrease is not known with certainty. A stomatal effect is 
possible, but not very probable, owing to the regular course of the continu- 
ously registered alteration. Another possibility is that the presence of short- 
wave light is necessary for the formation of some essential intermediate 
product in photosynthesis and that monochromatic red light therefore in 


Light intensity erg/cm?-sec 
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Figure 6. Maximum values of carbon dioxide assimilation at different wave lengths and 
light intensities. 


spite of its high momentary effect on photosynthesis in the course of time 
cannot maintain a high rate of assimilation because this intermediate product 
is relatively soon exhausted. A remarkable fact is that the intensity of assi- 
milation in white light from the incandescent lamp is only slightly altered 
during 22 hours though the blue proportion in this light must be very small. 


In this connection a paper of Warburg, Krippahl and Schröder (1954) deserves 
to be mentioned. These workers claim to have shown a catalytical effect of blue- 
green light on the photosynthesis of Chlorella. During their experiments in mono- 
chromatic red light (A=6440 A) the assimilation intensity kept constant only for a 
few hours after which time it decreased slowly, but steadily. Addition of a small 
amount of white or blue-green light (4=4680—5090 À) was enough to ensure a 
constant assimilation rate. Warburg et al. interpreted this effect by assuming the 
activation of an enzyme by a carotinoid, inasmuch as these pigments have their 
maximal absorption just in the blue-green region. Attempts by others, e.g. Bassham, 
Shibata and Calvin (1955) to confirm these findings have failed, however. 


It would be tempting to apply the same explanation to the present results 
with wheat, but there are certain difficulties. The wave length region about 
4300 À seems to be as effective as that about 4700 À in maintaining constant 


63 


976 VOLKMAR STOY 


Table 4 Decrease in carbon dioxide assimilation intensity during 22 hours’ irradiation 
with different light qualities. The decrease is expressed in per cent of the initial intensity. 


Wave length (A) ee ase 4300 4700 5200 6150 6550 White light 

fp ag Ne ee RE 
> i Se er 0.0 0.0 11.9 15.6 20.3 4.3 
a ae DE CS 0.0 0.0 7.0 22.6 12.3 4.9 

> CAE RO ee eee 0.0 0.0 721 10.7 6.3 5.9 

» A En eA ADEE ED 0.0 0.0 18.0 19.0 deo 8.3 

> DE NS M. à 0.0 14.3 14.0 9.3 14.3 1.8 

> (AND a | tis 6.5 4.3 22.0 2.4 227 4.5 | 
Mean value 1.1 oon 13.3 13.8 12.2 5.9 


assimilation, and in the former region the carotinoids show a rather weak 
absorption. Measurements of the absorption by the yellow, ether-soluble 
pigments from the wheat leaves gave three maxima at 4250, 4500 and 4700 Ä 
respectively. In the living cell these maxima are shifted to the red by some 
150 Ä, (owing to linkage to a protein), if the pigment is a carotinoid (Rabino- 
witch 1951). The values in such a case will become 4400, 4650 and 4850 Ä 
instead. Indubitably there will be a considerable absorption also at 4300 Ä 
and it is possible, that this absorption will be sufficient to induce the 
catalytical effect. Another explanation, already discussed by Warburg et al. 
is, however, that other pigments than carotinoids are involved. The flavines 
for instance have an absorption spectrum which in the visible region is very 
similar to that of the carotinoids. Warburg et al. abandoned this alternative 
on the plea that no light-activation of a flavin enzyme ever had been shown. 
This statement of course does not exclude the possibility that there never- 
theless exists such an activation. As this problem will be treated further in 
connection with the light effects on nitrate reduction it is referred to this 
discussion. 

As already mentioned the assimilation values ought to be compared for 
equal numbers of incident quanta. This can, however, only be done as long 
as the points are on the linear, ascending part of the light intensity curve. 
For that reason the value 8.05 X 10° einstein/cm?. sec has been chosen as a 
basis, which corresponds to 2.25 X 104 erg/cm?. sec at 4300 À and to 1.46 X 104 
erg/em?. sec at 6550 À. The assimilation values thus obtained from the 
intensity curves are represented graphically in figure 7 together with the 
spectral curves of the quantum yield of a dense and the active absorption of 
a thin Chlorella suspension. The result is rather remarkable. The action 
spectrum of photosynthesis does not appear to follow the absorption spectrum 
of the living leaf (figure 8) or the thin Chlorella suspension, but resembles 
much more the quantum yield curve of Emerson and Lewis for a dense algal 
suspension. This is probably connected with the partial absorption of the 
radiation by pigments other than chlorophyll (and with lower photosynthetic 
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Figure 7. Comparison between the action spectra of photosynthesis in wheat leaves and 
in different Chlorella suspensions. 

O——O wheat leaves 

dense Chlorella suspension (From Emerson & Lewis 1943) 

REIT thin » >» » » » » » 


efficiency), especially between 4500 and 5500 Ä. Most striking is perhaps 
the observation that the minimum of photosynthesis lies at 4700 À, in good 
agreement with the data of Emerson and Lewis, and not at 5200 Ä, where 
it would have been reasonable to expect it with guidance of the absorption 
spectrum of the leaf. Probably the true assimilation minimum, dependent 
only on the unequal absorption in the chlorophyli, is masked by strong 
absorption in yellow pigments. As there is an ample occurrence of caroti- 
noids in the leaves, and as the minimum of assimilation coincides with their 
absorption maxima, there is good reason to suspect that absorption in these 
pigments is responsible for the low assimilation intensity in the blue-green 
region. The action curve of photosynthesis in wheat also shows a slight dip 
at 6550 À, comparable with a corresponding depression in the curve of 
Emerson and Lewis, but the significance of this dip is questionable. 

The results with wheat, quoted above, give a quite different picture of ihe action 
spectrum of photosynthesis than an earlier investigation with the same material by 
Hoover (1937). He compared the assimilation at equal absolute intensities, but his 
results have been quantized by Burns (1938). They are reproduced in figure 8, 
together with the absorption curve of a living leaf. Apparently this action spectrum 
does not agree very well with the absorption spectrum of the living leaf and still 
less with the values from the present investigation. Instead there is good agreement 
with the absorption and assimilation of a thin Chlorella suspension. The question 
then rises, if the differences between Hoovers results and the present ones can be 
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Figure 8. Two action spectra of photosynthesis in wheat leaves, determined according to 
different methods, as compared with the absorption spectrum of a living leaf. 


Action spectrum from Hoover 1937, quantized by Burns 1938. 

0—-O Action spectrum from the present investigation. 

----- Absorption spectrum of the living leaf. (Determined according to Shibata, Benson 
& Calvin 1954). 


explained by differences in the chlorophyll content in the experimental material. 
Already Gabrielsen (1940) pointed out that assimilation curves with two peaks are 
obtained when using plants with low chlorophyll content, e.g. most green algae, 
but that materials with a high concentration of chlorophyll, as nearly all higher 
plants, give curves with a single peak in the red. The only exception to this rule are 
the results with wheat. It then appears quite reasonable to guess that the chloro- 
phyll content in these experiments has been particularly low. This opinion is 
supported by the fact that the wheat plants in both cases had been reared in artificial 
light, which is known to cause poor chlorophyll formation. Rough estimations of 
the chlorophyll content in my own material also gave considerably lower values than 
reported from other angiosperms, as shown in table 5. As Hoover worked with 
incandescent lamps instead of day-light fluorescent lamps, his material should have 
suffered of a still lower chlorophyll content (compare table 1). This might be the 
main reason for the differences between our results. 


In studying the curves in figure 6 another peculiar phenomenon is observed, 
namely that the assimilation in white light is as strong as that in red light. 


Table 5. Determination of chlorophyll (a + b) in some different plants. 


ivan Seybold: & Egle 1937 dug 038) er ere ane 0.49 mg/50 cm? 
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Fraxinus, shade leaves (Gabrielsen 1940) 
» „sun leaves » » 3.3 » » 
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Figure 9. Nitrate assimilation at different wave lengths and light intensities. 


One would expect the former to have a lower value, as there must be fewer 
quanta compared with the latter. From experiments with Sinapis such results 
also are recorded (Gabrielsen 1940). However the optical density and the 
more or less complicated anatomical structure of the material exerts a great 
influence on the optical properties of the light-absorbing system, and there- 
fore the results must not necessarily by identical in all cases. 


Nitrate assimilation 


The results are represented graphically in figure 9. It is obvious at a first 
glance that there is a considerably greater scattering of the values than was 
the case with photosynthesis. This is especially evident at 4700 and 6550 Ä. 
These curves therefore are dotted in order to stress this uncertainty and it 
should be kept in mind that the following comparison between the results 
on nitrate assimilation and photosynthesis is only preliminary in nature. 
The reasons for the greater variation, compared with photosynthesis, may 
be of several kinds. Firstly the absolute values, expressed in mmol/g fresh- 
weight, are almost 100 times lower for nitrate assimilation then for photo- 
synthesis and consequently the errors of analysis will play a relatively greater 
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Figure 10. Comparison between the action spectra of nitrate- and carbon dioxide 
assimilation. 
o—_O Nitrate assimilation. 
O—O Carbon dioixde assimilation. 


role in the former case. Secondly the action curve may have a steeply 
ascending or descending part, with a greater scattering of the assimilation 
values as a consequence. 

Also for the nitrate assimilation the comparison between the different 
wave lengths has been done at the same number of incident light quanta, 
ie. 8.05 X10~° einstein/cm?. sec. The values for nitrate and (mean) carbon 
dioxide assimilation are both represented in figure 10. The curve for nitrate 
assimilation has two peaks too, but the highest one is situated in the short 
wave region, while the minimum lies at 5200 A and not at 4700 A as was the 
case with photosynthesis. These interesting findings will be further discussed 
in the next section. 

Nitrate reduction in white light is at least as strong as in anyone of the 
monochromatic regions, furthermore the values appear to be less scattered 
than in these. The course of the intensity curves seems to be PROS 
the same as for photosynthesis. 

The question if nitrates can be formed in darkness in detached leaves, 
has been disputed for a long time and still no conclusive arguments have 
been presented for or against. The literature on this subject has recently 
been reviewed in a paper of Munsche (1955). Many of the older works suffer 
under serious defects, as inhomogeneity of the material and insufficient 
precision in the methods of analysis. In the present investigation, 5 experi- 
ments were made with plants held in darkness for 22 hours. In 4 cases the 
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Table 6. Changes of nitrate content in wheat leaves after 22 hours in darkness. The changes 
are expressed as per cent of the initial nitrate concentration. 
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nitrate content increased, while it decreased in the 5:th one. The average 
increase for all 5 experiments was 1.7 per cent (table 6). 


Comparison between carbon dioxide and nitrate assimilation 


The main result of the investigation thus is that it has been possible to 
show that the light intensity curves of the carbon dioxide- and the nitrate 
assimilation are almost identical in white and red light (possibly white light 
gives a somewhat stronger nitrate reduction), but that in light of shorter 
wave lengths nitrate assimilation is obviously promoted. This indubitably 
points towards the existence of a yellow pigment which is capable of trans- 
forming part of the absorbed energy into chemical one, especially active in 
nitrate reduction. At the moment it is not possible to determine the identity 
of this pigment. Its absorption in the visible part of the spectrum must lie 
between 4000 and 5000 A and of known pigments carotinoids and flavines 
appear the most plausible ones. 

Relatively little is known about the role of the carotinoids in the redox- 
processes of the cell, but as regards photosynthesis the general opinion seems 
to be that the carotinoids are able to transfer a greater or lesser part of the 
energy absorbed by them to chlorophyll-a, but that they themselves do not 
possess any capability to act as direct photocatalysts. The question then 
arises, if they have this ability in the case of nitrate reduction, but the results 
of the investigation do not speak in favour of this possibility. In comparing 
the curves for carbon dioxide and nitrate assimilation in figure 10 one gets 
the impression that a depression of the nitrate assimilation exists in the 
blue-green light in the same manner as for the carbon dioxide assimilation 
(see p. 977) but that in addition a stimulating influence is exerted by the light 
at 4300 and 4700 A. There are at least four reasons that support the opinion 
that the activated pigment is of the flavine type and not a carotinoid: 


1) The effect of light seems to be as strong at 4300 as al 4700 A. The 
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absorption of the carotinoids (especially in the bound form) is however much 
stronger at the latter wave length. 

2) Through the papers of Nason and Evans (1953) and Evans and Nason 
(1953), which described experiments with both lower and higher plants, it 
is established that at least the enzyme, that reduces nitrate to nitrite, is a 
flavoprotein with flavinadenindinucleotide (F AD) as the prostetic group. 
An activation of this enzyme through light is no doubt a conceivable 
possibility, but no such process has yet been proven. 

3) In the phototropic reactions in higher plants the perception of the light 
impulse is brought about by means of a yellow pigment. This pigment is now 
with certainty shown to be riboflavin (Galston 1949, Galston and Baker 
1949, Reinert 1952, Brauner 1953). The light action involves a photochemical 
oxidation of indolacetic acid (IAA). According to Brauner and Brauner (1954) 
this photooxidation has the character of an oxidative decarboxylation, a pre- 
cess in which the role of oxygen seems to be to reoxidise the reduced ribo- 
flavin. It is tempting to assume that the oxygen from the air can be substituted 
by oxygen from the nitrate. At all events the reduced riboflavin is not 
restricted to free oxygen as the only possible hydrogen acceptor as it also can 
reduce oxidised ascorbic acid (Brauner and Brauner 1954). In this connec- 
tion it may be mentioned that ascorbie acid frequently has been assumed to 
participate in nitrate assimilation (Virtanen 1950). 

4) In the already reviewed experiments of Tottingham et al., the added 
carbon arc light exerted its greatest effect in the region between 3100 and 
4000 Ä, while a less pronounced, but quite evident one was produced by the 
wave lengths up to 5000 Ä. Riboflavin shows strong absorption in the long- 
wave ultraviolet and a somewhat lesser one between 4000 and 5000 Ä, 
whereas the carotinoids only absorb in the latter region. These findings seems 
to provide evidence for the opinion that the yellow pigment is a flavin. 

The possibilities discussed under point 2) and 3) differ from each other 
in one important respect. In the former case the pigment exists as an enzyme, 
i.e. bound to a protein, while in the latter one the flavin found in free form. 
This is of importance for their absorption- and action spectra, because the 
linkage to a protein is accompanied by a shift in the spectrum to somewhat 
longer wave lengths. The strong action of light at 4300 Ä therefore speaks 
in favour of a reaction of the latter type, the data that are available are 
however to meager to allow definite conclusions. In this connection the atten- 
tion should be drawn to the effect of short-wave light on the constant course 
of photosynthesis (see p. 974), there seems to be a striking resemblance 
between the light effects on this process and on nitrate assimilation. 


PHOTOSYNTHESIS AND NITRATE ASSIMILATION 983 


As is evident from the experiments described above no reduction of nitrate 
takes place in darkness. This is however no general phenomenon, both 
chlorophyil-free organs like most roots and organs containing chlorophyll 
as the leaves of for instance tomato are able to reduce nitrate also in the 
absence of light. In these cases the necessary energy is received from respira- 
tion, probably with co-operation of ATP. As the light- and dark reactions 
seem to be distributed rather by chance within the plant (sometimes they 
even occur side by side), one gets the impression that these processes are 
identical in essential parts and that the only difference lies in the various 
ways in which the hydrogen donors, necessary for the nitrate reduction, can 
be generated. 


Another unsolved problem is left, however, i.e. the role of carbon dioxide 
in nitrate assimilation. The chemical reactions discussed above ought to be 
possible even in the complete absence of this compound, but as was already 
mentioned in the introduction, Burströms experiments showed that even at 
a reduced carbon dioxide content the nitrate assimilation stops almost com- 
pletely. To explain this result we must remember that assimilation not only 
means the reduction of the nitrate to the NH,-level, but also a fixation of the 
amino-radical (or a precursor to this) to a suitable carbon skeleton, i.g. an 
activated keto acid. The formation of such an acid is usually thought to be 
connected with respiration, but it seems very possible that these acids can 
be formed as intermediate product in photosynthesis as well. As respiration 
is not a uniform process in all plants or parts of plants but probably can 
proceed along several different lines, it seem reasonable to assume that not 
all of these lines can bring about the necessary combination of hydrogen 
donors and suitable carbon chains. In such a case this combination is not 
attained until photosynthesis is co-operating. 

The discussions on the preceding pages could be concluded by the following 
working hypothesis: Nitrate is reduced both in light and in darkness by means 
of the same fundamental chain of reactions, the very difference lying in the 
mode of supplying energy and hydrogen donors for the reduction of the 
nitrate and carbon skeletons for the fixation of the amino radical (or a 
precursor to this). In light the reduction occurs photochemically and in addi- 
tion to chlorophyll a yellow pigment seems to be specifically active in trans- 
ferring the light energy. Some reasons speak in favour of this pigment being 
of the flavin type and not a carotinoid. Probably the necessary carbon com- 
pound is generated as an intermediate product in photosynthesis. In darkness 
on the other hand respiration energy is the driving force. In this case respira- 
tion also provides the carbon skeleton, presumably because this process in 
the dark-reducing organs proceeds along other lines. 
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Summary 


The simultaneous reduction of ca:»on dioxide and nitrate in detached 
wheat leaves has been determined in five wave length regions from different 
parts of the visible spectrum, in white light and in darkness. The intensity 
of the CO,-assimilation was constant for 22 hours in white and short-wave 
light, but decreased with time in the long-wave region. Approximate light 
intensity curves were drawn and assimilation values, corresponding to equal 
numbers of incident quanta, were taken from Ihe linear, ascending part of 
these curves. The action spectrum for CO,-assimilation showed twô peaks at 
about 4300 and 6150 A respectively and a minimum at 4700 A. For NOs- 
assimilation there were also two peaks at the same wave lengths as for photo- 
synthesis, while the minimum lay at 5200 A instead. A comparison between 
the two processes showed, that white and long-wave light is as effective in 
NO,-assimilation as in photosynthesis, while short-wave light gave a higher 
yield for the former process. This is thought to be due to absorption in a 
yellow pigment, specifically effective in the reduction of NO 3. In darkness 
a small increase in NO, has been observed. A working hypothesis regarding 
the differences between the assimilation of NO, in light and in darkness has 
been advanced. 


The author wishes to thank Prof. H. Burström for suggesting the problem and 
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Root and Shoot Elongation Activity of Some 
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It is almost unanimously assumed in the current discussion of the relation 
between structure and auxin activity that 1-naphthyl-acetic acid behaves as 
a genuine auxin (cf. however Street 1955). A comparison between the four 
1- and 2-naphthyl-acetic and oxyacetic acids (Burström 1955 a) has shown 
that 1-naphthyl and 2-naphthoxy-acetic acids are auxins, and 1-naphthoxy 
and 2-naphthyl-acetic acids are antiauxins. This behaviour has been explained 
by a principle formulated by Jönsson (1955). It implies that a substance of 
the general structure of auxins has auxin activity if (1) the side chain can 
form a pseudo-ring in the plane of the ring system, (2) the carboxyl group 
of the pseudo-ring is located near the centre of the whole system, (3) at 
least one side of this complex is flat, devoid of protruding groups others 
than oxygen or hydroxyl, and (4) oxygen and hydroxyl of the carboxyl are 
perpendicular to the ring. These requirements are fullfilled by the two men- 
tioned auxins, but requirement (2) is not met by the two others. 

This may explain the difference between these four acids which the theory 
of Veldstra (1944) has failed to do convincingly and which apparently can- 
not be explained either by the principles of Wain et coll. (Fawcett ei al. 
1953, 1955). 

In order to test the validity of this theory some further naphthalene deriva- 
tives have been studied. They have been placed at our disposal through the 
courtesy of Prof. A. Fredga, Uppsala, Dr. Äke Jönsson, Stockholm, and 
Dr. D. Woodcock, Long Ashton. — It should be mentioned at once that the 
results with root elongation have confirmed Jönsson’s theory, but that a 
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Figure 1. Approximate sterical formulae of the seven naphthalene compounds tested. — 

No attempt is made to indicate the orientation of the carboxyl perpendicular to the ring 

system, — (I) 2-chloro-1-naphthyl-acetic acid, (II) 8-chloro-1-naphthyl-acetic acid, (III) 

racem-a-(1-naphthyl)-propionic acid, (IV) racem-a-(2-naphthyl) -propionic acid, (V) 3-chloro- 

2-naphthoxy-acetic acid, (VI) 1-chloro-2-naphthoxy-acetic acid, (VII) 1,3-dichloro-2-naph- 
thoxy-acetie acid. 


comparison between the root and shoot growth activity of the compounds 
has led to some rather unexpected results. 

The substances tested have been (cf. Figure 1): — 

(I) 2-chloro-1-naphthyl-acetic acid (Jönsson), which ought to fullfil the 
mentioned requirements of an auxin, 

(II) its isomer, 8-chloro-1-naphthyl-acetic acid (Jönsson), which ought to 
be inactive as substitution in the 8-position would prevent the side chain 
from reaching the centre of the ring system, 

(III) racemic a-(1-naphthyl)-propionic acid (Fredga), which should be an 
auxin, 

(IV) racemic a-(2-naphthyl)-propionic acid (Fredga), which should be in- 
active according to Jénsson. The effects of (III) and (IV) should be the 
same as those of the corresponding acetic acids (Burström 1955). 

Furthermore, 

(V) 3-chloro-2-naphthoxy-acetic acid (Woodcock), which should have 
auxin action as the unchlorinated acid, 

(VI) 1-chloro-2-naphthoxy-acetic acid (Jönsson), in which the formation 
of a pseudo-ring should be prevented by the chlorine and which ought to be 
inactive, and 
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(VII) 1.3-dichloro-2-naphthoxy-acetic acid (Jönsson), which should be 
inactive as the analogous di-ortho-substituted phenoxy-acetic acids. 

Some supplementary tests have been carried out with 2-naphthoxy-acetic 
acid (2-NOAA), a-(3-indolyl)-isobutyric acid (a-3-IIBA), and combinations 
of the above-mentioned acids with 3-indolyl-acetic (3-IAA) and isobutyric 
acids. 

The compounds have been tested in our routine wheat root micro test 
(Burström 1955 a) and a three-day root test (Hansen 1954) both with deter- 
mination of the cell elongation, and some compounds also in an Avena 
cylinder test. In the last mentioned test the mean error of the individual 
growth determinations amounted to +0.03 mm. 


Results 


(I) — 2-Chloro-1-naphthyl-acetic acid. — This acid behaves as a regular 
auxin and its action cannot be distinguished from that of the unchlorinated 
acid (Table 1); it is less active but does not differ ‘histologically. Thus chlori- 
nation in the 2-position does not appreciably change the auxin activity. 

(II) — 8-Chloro-1-naphthyl-acetic acid. — This acid decreases the root 
growth in higher concentrations but much more slowly than (I), and the 
question arises whether this is an auxin activity or not. The following con- 
siderations are pertinent to this question. 

(1) the roots inhibited by (iI) do not resemble auxin-treated roots mor- 
phologically or histologically; they do not, or do not regularly show the much 
stimulated root hair growth characteristic of an auxin action. An inhibition 
by an auxin such as (I) depends mainly upon a reduction in the cell length 


Table 1. A comparison between the root growth activity of 1-naphthyl-acetic acid (1-NAA), 
2-chloro-1-naphthyl-acetic acid (2-CI-1-NAA), and 8-chloro-1-naphthyl-acetic acid (8-Cl-1- 


NAA). — Relative values per cent’ of control; cell length of control 185 u. 

1-NAA 2-Cl-1-NAA 8-Cl-1-NAA | 
Conc. M — = == 
cell length | cell number | cell length | cell number | cell length cell number 

10-8 99 | 86 115 98 100 | 100 

ae! 72 65 91 106 100 100 
10-6 251 | 86 401 | 102 | 76 | 94 | 
10-° x | 0 23 26 52 | 68 | 
14 x ~ x 0 26? 38 | 
NX cd À x + 0 


1 Excessive root hair formation characteristic of auxin inhibited roots. 
2 Roots living but no excessive formation of root hairs. 
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Table 2. The interaction between 8-Chloro-1-naphthyl-acetic acid (8-CI-1-NAA) and 


a-(3-indolyl)-isobutyric acid (a-3-IIBA). — Individual experiments in order carried out. 
UELI nm 
8-CI-1-NAA M a-3-IIBA M Cell lengths y 
0 183 187 185 
| 3100 266 253 
0 10—6 324 318 
| 3.10—5 294 344 
10-5 300 322 322 
0 172 161 
| 3.10—7 278 256 
10-6 106 268 242 
BEC 270 283 
| 105° 329 345 
0 109 84 108 98 
| 3.100 84 96 Pid 140 
10-3 10-6 211 128 94 184 
| 3.105% 238 86 204 237 
| 10-5 275 303 287 135 
0 | 95 108 
| 3.10—7 94 136 
3.10 —5 10-6 190 133 
3.10-$ 147 171 124 
| 10-5 | 241 244 


and to a lesser extent upon a reduced rate of cell multiplication. With (II) 
both properties follow each other closely, which resembles toxic effects 
of non-auxinic nature. 


(2) The acid has been combined with an antiauxin (a-3-IIBA). The results 
are presented in Table 2. It shows a phenomenon seldom encountered in 
these tests, namely a pronounced lack of reproducibility of the results, 
particularly obvious at 10~° M of (Il). The antiauxin counteracts in a way (Il), 
but at every concentration some tests are found with an elongation near the 
minimum values. There is also an unusually large variation within each 
test; the standard deviation Vd?:n normally amounting to ca. 25 per cent 
has risen to over 45 per cent. This means that the elongation shifts between 
two extremes, which should be expected if in these combinations there were 
all-or-none effects of the’ two acids, either one or the other predominating. 
The significance of this is not clear. 

(3) The result of cylinder tests are shown in Figure 2. The acid is slightly 
active; the deviations around the zero line are small but significant, indicating 
a growth inhibition at the lowest concentration and a slight growth promotion 
at higher ones. If this is an auxin action, the activity of the acid is 0.1 per cent 
of that of the unchlorinated acid, also shown in the figure. A contamination 
of that magnitude would suffice for explaining the promoting effect. Never- 
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Figure 2. Avena cylinder tests. — Compounds: 3-indolyl-acetic acid (3-IAA), 1-naphthyl- 
acetic acid (1-NAA), a-(3-indolyl)isobutyric acid (a-3-IIBA), and 8-chloro-1-naphthyl-acetic 
acid (8-Cl-1-NAA). 


theless, another preparation which theoretically could not contain the un- 
chlorinated acid gave exactly the same result. The activity curve with its 
two different actions is unusual, and at least one of these is not an auxin 
action. — It can be concluded that the acid owing to the chlorination in 
the 8-position has lost most, if not all auxin activity. This would be in 
accordance with Jönsson’s expectations. 

(III) — racem-a-(1-Naphthyl)-propionic acid. — This acid behaves as an 
auxin on roots in the same manner as 1-naphthyl-acetic acid (Burstrôm 
1955). The morphological appearance is also the same but (III) is about one 
tenth as active as the corresponding acetic acid giving a 50 per cent inhibi- 
tion at 2 : 10 6 M. 

(IV) — racem-a-(2-Naphthyl)-propionic acid. — This acid exerts an ac- 
tion on roots similar to that of the corresponding acetic acid (Burström 
1955 a). A slight but significant inhibition is found at very low concentra- 
tions amounting to ca. 10 per cent at 107 M, followed by an increase in root 
extension. The latter attains a maximum of ca. 25 per cent at 10°? M. This 
promotion sets in at the same concentration as the inhibition by the homo- 
logous 1-substituted propionic acid. It is in accordance with the general rule 
found with the naphthalene derivatives, that the actions of the corresponding 
1- and 2-derivatives are equally strong but of the opposite sign. In the highest 
concentration the growth falls rapidly down to zero, the usual toxic action 


64 
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o 1=2-NOAA 

à 2=3CI-2-NOAA (Y) 

x 3=1-Cl-2-NOAA [I 
---- + 4= 13-dıCl-2-NOAA (YI) 


| ! 
10-7 3.10-7 10-6 SAS COLE 3-10-95 10-* MOL, 


Figure 3. Root cell elongation tests, 24 hours. — Compounds: 7 2-naphthoxy-acetic acid, 
2 3-chloro-2-naphthoxy-acetic acid (V), 3 1-chloro-2-naphthoxy-acetic acid (VI), 4 1,3-di- 
chloro-2-naphthoxy-acetic acid (VII). *Roots dying. 


not specifically affecting the cell elongation. — The similarity between the 
2-naphthyl-acetic and a-propionic acids is in accordance with Jénsson’s rules. 

(V—VII) — The 2-naphthoxyacetic acids. — The results with the un- 
chlorinated acid (2-NOAA) and the three chlorinated acids are presented in 
Figures 3 to 6; the root cell elongation activity up to 24 hours in Figure 3, 
the time factor in Figure 4, the interaction with 3-IAA and a-3-IIBA in 
Figure 5, and the activities in the cylinder test in Figure 6. 

The root elongation activity of 2-NOAA was described in a previous paper 
(Burström 1955 a). It was found to exert three actions: at the lowest con- 
centrations a slight growth depression, followed by a promotion and finally 
a strong inhibition interpreted as the genuine auxin effect. In the cell elonga- 
tion (Figure 3) only the two last-mentioned effects show up, but the first is 
absent; it is obviously not connected with cell elongation. 

The first positive effect returns in the 1-Cl and 1,3-diCl derivatives (VI) 
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Figure 4. Root cell elongation tests; comparison between 24 and 72 hours. — Average 
curves. — * Roots dying. 
1. 2-naphthoxy-acetic acid 1 day (filled circles) 
Ze > 3 days » » 
3. 1-chloro-2-naphthoxy-acetic acid 1 day 
4. » 3 days 
5. 3-chloro-2-naphthoxy-acetic acid 1 day 
6. » 3 days 
7. 1,3-dichloro-2-naphthoxy-acetic acid 1 day 
8. » 3 days 


and (VII) but is lacking in the 3-Cl substituted acid (V). It is a non-auxinic 
effect which seems to be common to at least three of these acids; no clue 
can be given at present as to the nature of this activity. From 3- 10-6 M the 
four curves differ; substance (V) depresses the elongation although more 
irregularly than the unchlorinated acid; (VI) has the opposite effect, followed 
by an inhibition probably of toxic nature; (VII) is more or less inactive with 
early death of the cells. This is usual with increased chlorination (Burström 


1951). 


+&-3-11BA + x-3-1IBA 


pp 


CONTROL 
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Figure 5. Root cell elongation tests; the interaction of 2-naphthoxy-acetic acids with 
3-indolyl-acetic acid (3-IAA) and a-(3-indolyl -isobutyric acid (a-3-IIBA). Concentrations 
of the additions 3-IAA 10-8 M, a-3-IIBA 10-5 M, 2-NOAA when added to the other acids 
(dotted curves) 3-10—5 M. 

Figure 5A. 2-naphthoxy-acetic acid. 

5B. 3-chloro-2-naphthoxy-acetic acid (V). 

5 C. 1-chloro-2-naphthoxy-acetic acid (VI). 

5 D. 1,3-dichloro-2-naphthoxy-acetic acid (VII). 


According to this test (V) might be called an auxin, (VI) an antiauxin or 
root auxin, and (VII) inactive. It must be emphasized again, however, that 
the first positive effect — for the sake of simplicity called the low-level 
action — is independent of the auxinic properties of the acids. 

The time factor (Figure 4) is of a certain importance for the outcome of 
the growth effects. With (VI) and VII) extension of the duration of the tests 
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up to 72 hours causes nothing but an earlier onset of the toxicity, but with 
(V) and 2-NOAA the activity curves change their shape completely. First 
of all the depression of the elongation — tentatively identified as an auxin 
action — appears in solutions one tenth as concenirated, and this causes the 
low-level effects to disappear; they are apparently covered by the auxin 
actions. Instead a recovery appears at the highest concentration, so that the 
activity curves pass a deep minimum, a phenomenon previously observed 
with naphthalene derivatives on roots by Hansen (1954) and by Äberg and 
Khalil (1953) on coleoptiles. 

The interaction with 3-IAA and a-3-IIBA (Figure 5, A—D) has been studied 
only above 106 M, i.e., the low-level effect has been left oui of the picture. 

The mode of interpretation used has been that more or less strictly parallel 
curves of activity of a substance with and without the addition of an indole- 
derivative indicates a physiologically independent, additive action (Burström 
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1955 a), whereas if the curves converge and meet, this should imply a similar 
or antagonistic action, one compound replacing or counteracting the other 
in one physiological system. 

It then appears with 2-NOAA that it is independent of a-3-IIBA but similar 
to 3-IAA. It has been shown, however (Burström and Hansen), that 3-IAA 
and a-3-IIBA act physiologically independently, and the logical conclusion 
to be drawn is that 2-NOAA in these respects behaves as 3-IAA or a genuine 
auxin on roots. 

This is essentially true also of (V) (Figure 5 B). One striking difference is 
found in combinations with 3-IAA. At medium concentrations the inhibition 
is stronger than the sum of those of each compound alone, but at the highest 
concentration a recovery is found. The higher inhibition of (V) should be 
compared with the peculiar hump of the activity curve of pure (V) in Figure 
3, and raises the suspicion whether 2-NOAA and (V) have identical action 
in all details. 

Substance (VI) in Figure 5C is decidedly an antiauxin or root auxin, 
acting additively with 3-IAA and similarly as a-3-IIBA. Superficially the two 
root auxins counteract each other, which only means that together they are 
supplied in supraoptimal amounts; the absolute upper limit of cell elongation 
lies slightly above 400 u, which is reached with these substances. The un- 
chlorinated acid is superimposed on (VI), so that its inhibitory action is not 
influenced by the presence of (VI) at all. This might imply an unexpected 
difference between 2-NOAA and 3-IAA, but it must be considered that 
2-NOAA is supplied in a 3,000 times higher concentration than IAA, which 
might be of importance for the outcome of an interaction also involving 
uptake and migration of the compounds. Acid (VII), finally, is again of 
another nature, in itself inactive it annihilates the action of both indole 
derivatives. It cannot be classified as belonging to either auxins or anti- 
auxins, but as an antagonist against externally added growth substances. 

The results of the cylinder elongation tests are presented in Figure 6. All 
naphthoxyacetic acids start with a slight but statistically significant inhibi- 
tion of the elongation up to 10~* M. It is interesting to note that this is the 
reversal of the low-level action on roots, indicating that the 2-naphthoxy- 
acetic acids in low concentrations decrease the coleoptile elongation and 
enhance the root cell elongation, and that this is independent of ensuing auxin 
or auxin-antagonistic effects. 

Above 1075 M 2-NOAA and (V) appear as growth-promoting auxins, (VI) 
is slightly inhibiting, and (VII) strongly so with a marked recovery at the 
highest concentration. 

According to the usual way of interpreting cylinder tests (VI) and (VII) 
should be tentatively called ’antiauxins’. However, as shown in Figure 2 
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Figure 6. Avena cylinder tests. = 
— Compounds: 2-naphthoxy- 8 ir 
acetic acid (2-NOAA), 3-chloro- -1.0 nn 
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a-3-IIBA, which should be an ideal antiauxin, promotes coleoptile elongation, 
corroborating identical results of Fawcett et al. (1955). McRae and Bonner 
(1953) have shown, on the other hand, that phenoxyisobutyric acids act as 
competitors of exogenous auxins, and Ingestad (1953) and Fransson and 
Ingestad (1955) have found that they compete with native auxin in coleoptiles. 


Discussion 


The diagnosed actions of the compounds have been summarized in Table 3, 
which requires some comments. The table is incomplete, in that cylinder 
tests are lacking in some instances which where judged to be less important. 

As 'medium’ concentrations have been chosen the ranges of concentration 
in which a genuine auxin effect appears, or the same range for related com- 
pounds. This is, of course, rather arbitrary, and it is hardly justified to 
assume that all effects entered under ’low’ and ’high’ levels respectively are 
strictly comparable. However, it must be emphasized that it is only a question 
of cell elongation effects. Nevertheless, it is obvious that the compounds exert 
actions not only of auxinic but also of non-auxinic nature. According to the 
current opinion an auxin should increase the extension of coleoptiles and 
decrease that of roots. In this sense and according to the combined tests 
with 3-IAA and a-3-IIBA the following acids should be classified as 
auxins: 2-chloro-1-naphthyl-acetic acid, racem-a-(1-naphthyl) -propionic acid, 
2-naphthoxy-acetic acid, and 3-chloro-2-naphthoxy-acetic acid. The remaining 
acids offer some difficulties. Three have been called ’root auxins’ in the table. 
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Table 3. Survey of the action of the compounds investigated. Effects are given as in- 

creases (+) or decreases (—) of cell elongation at three concentration levels for roots 

and coleoptiles separately. A dot indicates that no tests have been carried out. — Tox.= 
unspecific toxicity; Rec.=’recovery’ phenomenon. 


ile at levels 
N, Root at levels Coleoptile Diagnosis 
low medium! high |low medium} high 
BARRES ec LEE — oo ol aa — | auxin 
GS NEIN Ge 0 ae — + cn — | ‘root auxin’ 
(I) 2-Cl-1-NAA ......... 0 — tox. ; : : auxin — | 
(II) 8-Cl-1-NAA ......... 0 tox | er | — + — | no auxin (?) 
(MIR FENDA 2. 20-05-0000 0 — ; : > = auxin 
(MIRE ZEN PAR" re — + tox. ; : : root auxin 
DENON AT. cc + — rec? | — _ ‘ auxin 
(V) 3-Cl-2-NOAA......... 0 — rec.2 | — = tox. | auxin 
(VI) 1-Cl-2-NOAA......... + + tox. | — — : nor Sr 
(VII) 1.3-diCl-2-NOAA ...| + 0 fox. | — oe rec. ee DET 


! Down to 10-11 M. 2 in 72 hours’ test. 


This term has been launched by Hansen (1954) in order to denote com- 
pounds increasing per se the cell elongation in roots. They are usually called 
’antiauxins’ but then it must be known that they act by competing with 
native auxin, and they must then logically by the same virtue decrease the 
elongation of coleoptiles. 


However, this does not hold true of a-(3-indolyl)-isobutyrie acid which 
promotes the coleoptile elongation. Fawcett et al. (1955) have discussed the 
possibility of a degradation to the acetic acid, finding it highly improbable 
physiologically. At present we have to reckon with the probability of the 
indolyl-isobutyric acid itself increasing the elongation in coleoptiles. In this 
respect 1-chloro-2-naphthoxyacetic acid behaves as should be expected of 
an antiauxin. According to the root diagnosis its action is identical with that 
of a-(3-indolyl)-isobutyric acid, but it has the opposite effect on coleoptiles. 
This is inconsistent with a strict division of the compounds into two groups, 
auxins and antagonistically acting antiauxins. 


Divergences are also found with 8-chloro-1-naphthyl-acetic acid; the in- 
hibition of the root elongation is not of auxin nature and the generally weak 
effect on coleoptiles is of unknown nature. No less complicated conditions 
are found with 1,3-dichloro-2-naphthoxy-acetic acid. It is in itself inactive 
on roots but counteracts both exogenous auxin and 'antiauxin’. Such an 
antagonism is most easily explained as an unspecific blocking of absorption 
or transport of the externally applied substances. It inhibits coleoptiles 
strongly, but if this is an antiauxin action it is incomprehensible why it 
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does not influence root elongation. The acid resembles structurally the 
2,6-substituted phenoxyacetic acids, which were assumed to be inactive until 
the reverse was shown by Osborne et al. (1954) and Meljnikov et al. (1955). 
McRae and Bonner (1952) regard them as antiauxins on shoots, but actually 
demonstrated an antagonism only against external auxin, and Hansen (1954) 
found them possessing similar unspecific antagonistic actions on roots as the 
1,3-chlorinated naphthoxy acid. No thoroughly consistent picture can be 
drawn at present of the types of activity exerted by these compounds. 

Obviously, we cannot rigidly identify every increase of coleoptile elonga- 
tion with an auxin action, and every increase of root elongation with an 
antagonistic ’antiauxin’ effect. It is also clear that antagonism against exter- 
nally added compounds can be exerted also by substances in themselves 
inactive (cf. Hansen, 1954) on the material in question. 

An important element in evaluating the activity of compounds is the usually 
neglected time factor (cf. however Audus 1952, McRae and Bonner 1953). 
Among the naphthoxyacetic acids this comes to the fore in the cumulative 
nature of auxin inhibitions on roots, less in toxic effects, and not at all in the 
root auxin actions, as far as the present experiments go. The cumulative 
nature of the auxin inhibitions has two consequences. — With extended 
auxin treatment the low-level effects are covered by inhibitions and dis- 
appear. It is then impossible without an exhaustive study to show whether 
an action is an unequivocal auxin effect or if it also comprises other elements. 
It is also obvious that quantitative comparisons between actions and attempts 
to formulate activities mathematically are rather hazardous. 

It is then hardly surprising that all the formulated structure-activity 
theories have proved to be more or less untenable, unless they are expressed 
in very general terms (cf. Fawcett et al. 1955). The exceptions are too con- 
spicuous to be neglected. Owing to the obvious heterogeneity of the growth 
manifestations it is scarcely possible to expect a structure-activity rule to be 
applicable to more then one physiologically defined mode of action and 
perhaps only within one group of substances with similar chemical and 
physical properties. This would follow ‘rom the fact that a measured activity 
usually includes such elements as absorption, apparently following the same 
pattern as ion uptake generally (Reinhold 1954), migration, not to mention 
transformations of a more or less specific nature (Fawcett, Ingram, and Wain 
1954, Luckwill and Woodcock 1955). It is thus probably hopeless to look 
for a master theory covering all cases of structure and modes of activily. 
In the present instance the occurrence of auxin activity on roots is satisfied 
by Jönsson’s ru es (1955). hese do not apply to the activity in coleoptiles, 
as far as can be judged at present; the dubious instances are 8-chloro-1-naph- 
thyl-acetic acid and 1,3-dichloro-2-naphthoxyacetic acid. 
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All structure-activity theories are founded on the assumption that only 
3-indolyl-acetic acid and with it physiologically identical compounds have 
an activity per se, and that in one active system; all others should act by 
blocking 3-IAA from active or inactivating sites (cf. Gordon 1954). This pre- 
sumption is, after all, arbitrary. Considering the fact that there may be more 
than one point of action already in the cell elongation mechanism (Bur- 
strom 1955 b) and that the actions on root and shoot are not always inverse, 
it seems appropriate to adopt a less prejudiced view of this question. 

Two growth phenomena observed deserve to be specifically mentioned. 
One is the ’recovery’ phenomenon. It implies that inhibition by a substance 
passes a minimum and is turned into an increased elongation at incipient 
toxicity. This is an unusual physiological phenomenon and ought to depend 
upon specific properties of this type of compounds. It has previously 
been found with naphthoxyacetic acids on coleoptiles by Aberg and Khalil 
(1953) and on roots by Hansen (1954). It is impossible to decide whether 
such a reversion occurs also with growth-promoting effects, because they 
invariably are followed by toxic effects in high concentrations. 

Aberg and Khalil have advanced an interpretation implying that the 
inhibitors, in their instance ’weak auxins’, at first inhibit growth by blocking 
off endogenous auxin, but in higher concentrations exert an action per se. 
Apart from the fact that such an explanation is at variance with the simple 
rules of exchange — if such govern the attachment of the auxins — the 
hypothesis cannot explain the corresponding phenomenon in roots, which 
are caused by ’strong auxins’. : 

It is more fruitful to see under what conditions ‘recovery’ appears. This 
is on coleoptiles with 1,3-dichloro-2-naphthoxy-acetic acid which is inactive 
on roots, on roots with the auxins 2-naphthoxy-acetic acid and its 3-chlorine 
derivative after 72 hours, but after 24 hours only with an addition of 
3-indolyl-acetic acid. It is obvious, if this is a uniform phenomenon, (1) that 
it is connected with inhibitions and not particularly with auxins, (2) that 
the action is cumulative, and (3) that it increases in the presence of a native 
auxin. Items (2) and (3) invite a comparison with the well-known adaption 
of roots to 3-IAA, which may be linked up with the adaptive indolylacetic 
acid oxidase (Galston and Dahlberg 1954, Siegel and Galston 1955). Yet it is 
no more than a guess that the explanation could be sought along such lines. 

The other special problem is provided by the actions of non-auxinic nature, 
particularly the low-level effects. These appear rather commonly among 
naphthoxyacetic acids, for the rest their frequency is unknown, since activity 
curves seldom are followed down to low concentrations. The occurrence is 
not irregular but involes a growth promotion in roots and an inhibition in 
coleoptiles. Several examples are found with naphthyl acids (Burström 1955a). 
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It is important that the effects are independent of the auxinic or non-auxinic 
nature in the studied examples, but, nevertheless, are structurally determined 
cell elongation effects. It would seem as if they depend mainly upon the type 
of the ring system, but not on the ring-chain relationships. This supposition 
is alien to the current auxin concepts. It is possible that the positive effect 
on coleoptiles of a-(3-indolyl)-isobutyric acid is no genuine auxin effect 
either, but something following the indole-system. — In any case it cannot 
be doubted that this group of compounds exerts cell elongation activities of 
unknown nature but not identical with the auxin actions. 


Summary 


A comparison has been made between the cell elongation activity on roots 
and coleoptiles by eight naphthalene derivatives. The results are summarized 


in Table 3. — The auxin activity on roots conforms to the rules formulated 
by Jönsson. 
Cell elongation effects — ‘low-level effects’ appear in low concentra- 


tions of the compounds, which are independent of the genuine auxin actions 
and obviously governed by the type of ring system present. It has been con- 
firmed that a-(3-indolyl) -isobutyric acid is a growth promotor on coleoptiles; 
1,3-dichloro-2-naphthoxy-acetic acid is in itself an inactive antagonist against 
external growth compounds of both auxin and antiauxin nature. In higher 
concentrations of certain compounds there appears a ‘recovery’ phenomenon 
implying that a strong inhibition of the elongation with increasing con- 
centration or duration of the treatment is reversed. 

The implications of the findings for the structure-activity problem of 
auxins have been discussed. 

The authors express their appreciation to Miss Astrid Lindgren and Miss Elsie 
Persson for skillful technical assistance; one of us (J.T.) has performed all coleoptile 
tests. The investigation has been supported by a grant from the Swedish Science 
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